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SUMMARY

Resonance escape probabilities for heterogeneous semi-infinite slab
lattice systems were computed by the Monte Carlo method in the energy
range 1 kilo-electron-volt to 0.125 electron volt. Absorber-moderator
combinations considered were W-H20, W-LiH, W-BeO, Au-H20, Au-LiH, and
Au-BeQO. Absorber and moderator thickness and absorber temperature were
varied in a parametric study. The Monte Carlo results of neutron ab-
sorption for variocus thicknesses of tungsten and gold slabs at room tem-
perature are in good agreement with experimental results from NASA so-
lution reactor absorption measurements on comparable tungsten and gold
samples.

The calculations show the dominating influence of resonance peaks
in the absorption of thin samples. With increasing thickness this peak
absorption saturates out, and considerably more absorption occurs in
the wings of the resonances. Further increase in thickness results in
additional absorption due to the valleys between resonances and to the
1/v region of the total cross section (where v is neutron velocity).

Strong resonance scattering in several tungsten resonances results
in greater self-shielding than would exist if the scattering were absent.
This process competes with resonance absorption and back-scatters many
incident neutrons intoc the moderator; neutrons which do penetrate are
effectively trapped in the sample, where they scatter about until ab-
sorbed or scattered out.

A simple one-collision analytical model to predict 1/v and reso-
nance absorption for slabs was devised, and results were compared with
corresponding Monte Carlo cases. This model gave excellent agreement
with Mente Carlo results for predominantly absorptive resonances but

considerably overestimated absorption for predominantly scattering
resonances.



INTRODUCTION

High-performance nuclear reactors for space application must employ
material with desirable high-temperature physical properties. Many such
materials have large neutron resonance absorption and scattering cross
sections that can result in significant nonproductive capture during
neutron slowing down. One of the important quantities used to calculate
reactor criticality, therefore, 1s the resonance escape probability.

A representative high-temperature fueled material is a mixture of
tungsten and uranium oxide. To maximize the high-temperature heat-
transfer rates and the resonance escape probability, the moderators and
absorptive materials are arranged into heterogeneous arrays.

Several analytical or semianalytical methods exist for calculating
resonance escape probabilities in heterogeneous assemblies. These are
summarized, described, and discussed by J. Chernick and J. Sampson in
reference 1. Of the methods presently available, the Monte Carlo
method appears to be the most satisfactory overall approach to the
resonance escape problem provided accurate and complete neutron cross
sections are avallable. It may be readily adapted to complicated
geometrical configurations, as exemplified by the successful applica-
tion of the Monte Carlo method by R. D. Richtmeyer in reference 2 to
calculation of the resonance escape probability in heterogeneous
hexagonal water-uranium lattices.

Resonance scattering causes stronger self-shielding than would
exist were the scattering not present. In reference 3 the strong scat-
tering resonance in the cobalt cross section greatly affects resonance
capture. Tungsten also exhibits several strongly scattering rescnances.
Perhaps the greatest advantage of the Monte Carlo method is that signifi-
cant effects such as resonance scattering or anisotropic scattering can be
rigorously treated (within statistical error) without having to resort
to excessive idealization of the problem often necessary in order to ob-
tain answers by other methods. A further advantage of the Monte Carlo
method is the capacity for studying isolated phenomena with relative ease.

The present investigation considers only the resonance escape prob-
ability in repetitive one-dimensional slab lattices consisting of alter-
nate layers of metal and moderator. Various thicknesses of tungsten or
gold, and moderators such as lithium-7 hydride, beryllium oxide, or water
are considered.
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Some 21 resonances of natural tungsten exist between 1 and 250
electron volts for which the level parameters have been accurately meas-
ured (ref. 4). The tungsten resonances are interesting and somewhat
unique in that they have verying degrees of scattering. The rescnances

of W182 at 4.1 electron volts, Wwi86 at 18.% electron volts, and wiBe at
21.2 electron volts (fig. 1) are large and account for 28, 40, and 15
percent of the dilute resonance absorption integral. These three reso-
nances are, respectively, predominantly absorptive, predominantly scat-
tering, and "half and half.”

Gold d4iffers from tungsten in that gold has one very large absorp-
tion resonance near 5 electron volts that constitutes U5 percent of the
dilute resonance absorption integral. The remairing 10 resonances are
relatively unimportant for thin gold folls, but assume a greater impor-
tance for thicker samples. Therefore, the remaining resonances were
also considered in the Monte Carlo calculations.

Studies were made to determine the effect o Doppler broadened
resonances on the resonance escape probability at temperatures other
than room temperature. Otner effects such as those produced by the
suppression of resonance scattering, the effect of the initial source
distribution, the anisotropy of the scattering, and the minimum plate
separation necessary to produce negligible cell interaction effects were
also briefly studied. Monte Carlo self-shieldins; results for gold and
tungsten were compared with experimental results obtained from reactivity
measurements performed at the NASA Lewls Research Center (ref. 5).

SYMBOLS
A atomic mass of nucleus
Ay atomic mass of ith type of nucleus
o number of neutrons
a moderator half-thickness
b - a fuel half-thickness
C constant
DRAT dilute resonance absorption integral, barns
E neutron energy after collision, ev

Ea minimum energy cutoff for Monte Carlo calculation, ev
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maximum energy value for Monte Carlo calculation, ev
energy above EM, ev

neutron energy before collision, ev

ch tabulated energy value, ev

transport flux, neutrons/(cm?)(sec)

collision number

Boltzmann constant, ergs/9K

number of atoms, ce~l

resonance escape probability (to 1.20 ev)
probability that neutron will be born in moderator
integrated slowing-down parameter

random number

distance to next collision along flight path, cm
phase-space source distribution

total number of neutrons per cc per second slowing down
past Ej ., from collisions with ith type of nucleus

temperature, oK

absorber thickness

moderator thickness between plates, za, cm
total tungsten thickness, 2(b - a), mils
lethargy

neutron speed, cm/sec

neutron welght after a priori fuel absorption has been
subtracted from w!



T T
w' or Wk

Wee

M

sym

neutron weight after kth collision

a priori number of neutrons absorbed (scattered) in fuel
after colliding at some point in moderator

a priori number of neutrons that will go from moderator
collision point through fuel without colliding

a priori number of neutrons that will leave moderator
collision point and will collide before reaching fuel

coordinate along x-axis
x-coordinate of plane of symmetry in repetitive lattice

dummy variable

(A - 1)2

(A + 1)¢

azimuthal angle of scattering about initial neutron
direction

proportionality constant

transformed variable of integration, Yt/vmin

cosine of angle neutron velocity vector makes with x-axis
cosine of scattering angle in center of mass system

cosine of scattering angle between initial and final
directions in laboratory system

macroscopic total, absorption, and scattering cross
sections, cm”™

total macroscopic cross section of region I (moderator),
-1
cm

total macroscopic cross section of ith type of nucleus
in region II (fuel), cm™t

average logarithmic energy decrement

average logarithmic energy decrement from ith type cf
nucleus

microscopic tctal cross section, barns

total neutron flux, neutrons/(cmz)(sec)



Subscripts:
a

F

max

min

Superscripts:

F

absorption

fission process index
element number index
resonance band energy index
collision number index
moderator

maximum

minimum

lethargy interval index
surface

scattering

total

velocity corresponding to thermal energy

constant of proportionality

source neutron parameter index (used in section Treat-
ment of Source Distribution by Monte Carlo method)

material specification index

fuel, or absorber, region
energy Ej

left

moderator region

total

A AN
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W tungsten

T moderator region index
IT absorber region index
- average

ANALYSTS

Neutron histories were originated uniformly in the moderator and
uniformly in the absorber but with different probabilities. Neutrons
were followed by the Monte Carlo method in an energy range from Erax
(961 ev) to E, (0.125 ev) under the assumptions that:

(l) Scattering is isotropic in the center of mass system of the
neutron and target nucleus.

(2) A uniform l/E flux exists above S61 electron volts, at which
value P(E) is normalized.

(3) Absorption in the moderator is negligitle, and the moderator
scattering cross sections are taken as constant. These are excellent
assumptions for the water, lithium’ hydride, and beryllium oxide modera-
tors considered.

A neutron history was initiated by picking its direction of travel,
position, and energy from the source distribution and was thereafter
follewed by random sampling from the probability distribution functions
of the various events possible during the course of the history.

The rigorous "cell" boundary conditions were considered during the
course of neutron diffusion and slowing down. Whenever a collision
occurred in the moderator, the a priori fraction of the colliding neutron
that would make its next collision in the "fuel" region and be absorbed
there was analytically determined and subtracted from the present welight.
The given neutron with its weilght thus reduced was followed from the
moderator collision point by the techniques presented on page 21. If
the next collision happened in the absorber, it would necessarily be a
scattering collision.

When a neutron collided in the absorber, and the previous collision
was also in the absorber, the neutron was weighted by the scattering
probability per collision, and the scattered part was followed. This
is a well known variance reduction technique.



The energy range from Enax to E. was divided into 108 energy

bands to record the ocutput information. This consisted of the resonance
escape probabilities P(E;) past these discrete energies, j = 1,2,. . .,
108, and the number of neutrons absorbed in each band and therefore each
rescnance which must agree with AP(E) over that band. Additional out-
put information was the neutron fission production in each band if the
absorber also contained uranium, and the average and maximum number of
collisions taken to slow down from Bpax to Ea.

Since there is no net leakage from the half-cell in any direction,
a neutron history could be terminated only when its energy fell below
the cutoff value of 0.125 electron volt or when its weight became negli-
£ibly small (less than 107®). By using the two types of statistical
estimation just discussed, good accuracy was obtained by running a few
thousand histories for each case. The value of resonance escape prob-
ability to 0.125 electron volt was obtained by taking the ratio of the
number of neutrons that survived to the number of histories started.

Physical Assumptions
Consider sketch (a), which shows a typical two-region semi-infinite

slab cell in an infinite repetitive lattice. Because of symmetry, only
the half-cell ranging from x = 0 toc x = b need be considered. The

Region I Region II
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moderator region and absorber region may consist of several homogenized
nuclear species. In particular, the moderator and absorber will be as-
sumed to consist of not more than two and three distinct kinds of nuclei,
respectively.

The source input into the resonance region is determined by the
neutron flux above Eygy. This flux will be assumed to have a l/E
energy distribution and a uniform spatial distribution. This assumption
is based on the fact that, in an infinite homogereous medium, the flux
per unit energy is l/E in the asymptotic slowing-down region and is
independent of position. 1In the problem of interest, the flux will vary
with position in the neightorhood of the interface. The deviation from
the assumed uniform and l/E dependence in this neighborhood is ignored
because the slowing down in the absorber is small relative to the slowing
down in the moderator, and the resonance escape probability is not sensi-
tive to small changes in the source distribution input from above Boaxe
To show this, a case was run wherein all neutrons were originated uni-
formly in the moderator. The resonance escape probability changed from
0.873 to 0.877 in a hydrogeneous moderated case, where the effect should
be greatest,

It will be further assumed that the target nuclei are stationary
as the neutrons slow down, but that the target mo:ion will be implied
in the cross-section data used.

Input Data

All the absorber tabulated cross sections for a given temperature
(536 energy values in all) were stored in the IEBM 704 core. Thus, the
detailed behavior of the various resonances was accurately described.
The detailed cross-section data from 0.125 to 257 electron volts for
tungsten were taken from reference 4, which assumes a thermal Maxwellian
velocity distribution of tungsten atoms. The cross-section values were
obtained by applying the Breit-Wigner single-level formula to each res-
onance and then summing the contributions from the other resonances to
the cross section at each of the energies in question. Above 257 elec-
tron volts, the cross-section data were taken from reference 6. The
slight differences in the resonance parameters from those given in the
previous edition were found to produce slight changes in the resonance
escape probabilities. Doppler broadened cross sections at temperatures
other than thermal (0.0253 ev) were taken from reference 4 for use in the
study of the effect of absorber temperature on the resonance escape
probability.

Using the resonance parameters for gold from reference 8, the
Doppler broadened gold cross sections were calculated by the methods
of reference 7.
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The cross sections of the beryllium oxide, water, and lithium
hydride moderators were taken as constant down to E, at 0.125 electron
volt. Since absorption is negligible in the moderators considered, the
macroscopic total cross section equals the macroscopic scattering cross

section. These cross sections will be denoted by Z%(E) = Z% and

I _ 5l
£5,1(E) = Zg, 1

moderator region, and the subscript 1 to the ith element in this
region. In the second or absorber region, the total and scattering
cross sections at energy E are denoted by Z%I(E) and Zg}i(E).

respectively, where the superscript I refers to the

The number of absorber atoms per cubic centimeter and the loga-
rithmic energy decrement are given in the following table:

N £
(atoms/cc)
Tungsten | 0.0632x10%% | 0.010837
Gold 0.0591x10%4 | 0.0101

The number of moderator atoms per cubilc centimeter and the total
microscopic cross sections of the given moderators are listed in the
following table:

Water Lithium hydride | Beryllium oxide
s em-1 1.47840 1.296 0.7105
Eo, cm™t 1.38077 1. 258875 .12280
Ny, atoms/cc| .0660x102% .06x10%% .0725x10%%
Np, atoms/cc| .0330x1024 .06x1024 .0725x1044
ai, barns 20.5 1.1 6.0
of, barns 3.8 20.5 3.8

Treatment of Source Distribution by Monte Carlo Method

A neutron history is initiated by determining its direction of travel

My, position Xy, and energy &, immediately upon entering the energy
range below Eypgy

Stated another way, a neutron is picked from the source distribution

from its last collision in the

1/E region above

vevi~d
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S(ul, X175 El) where oqE ., < Eq < Epax and where pj 1s the cosine
of the angle between the velocity vector and the x-axis. TFor E; < a1Bpax

8{uys x5, E7) = 0

where

(a, - 2)°
Ty 4+ 1)8

Ay being the atomic mass of the lightest elemernt present.

Assuming the source to be isotropic in the laboratory system, uq

is picked from an isotropic distribution according to reference 8
(p. E39)

ul=l—2R (l)

where R 1is a random number. The random numbers were generated by a
congruential method (ref. 9) from a standard accepted IBM 704 subroutine.

Equation (1) is precise if the neutron has collided in an absorber
which contains only heavy nuclei. TIf the first collision has occurred
in the moderator, the scattering is not isotropic. Equation (1) is
still valid, however, because the angular distribution of neutrons in
the asymptotic slowing-down region is essentially isotropic except, per-
haps, near the moderator-absorber interface. 1In this neighborhood de-
viations from source isotropy will not appreciably affect the desired
output information.

The initial position x7 1is determined uniformly between x = O
and x = a and between x = a and x = b (sketch (a)) but with dif-
ferent probabilities. Many more neutrons will slow down past Eypgy in

the moderator region than in the absorber. To obtain the relative num-
bers, proceed as follows:

A1l cross sections at energies above E 5, are considered constant.
It will be understood that a superscript I or II should be affixed



1z

to the expressions in sketch (b) and in the equations that follow ac-
cording to whether the moderator or absorber region is being consider

}

o(E') = C/E

{

Emax
oz

IT77 77 dFy

By
o1 By

(o)

The number of neutrons per cubic centimeter per second Si(E)

ed.

entering dE about E below E .. from neutron collisions above Ep,.

with the ith element is given by

E/C‘Ll 7
Tt = CZS ( ) a’i
% aE'Z, 4 (By) = (ll_ o) =EM(11' :}f) (l— EEM> aiBy < E < By
Si{E)_
o E < ailyM J

where Zs,i(Eﬁ) is the constant scattering cross section of the 1th

element for E > Epgy.

The total number of neutrons per cubic centimeter per second slowing

down past Epgy, from scattering collisions with the i®h element in the

given medium is

Em N
51 (E)AE = S5 = (g 4 (By)ty

(3)

YOHT-H

W_1A72%A
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where éi is the average logarithmic energy loss per collision with

the 1D element.
The total number of neutrons per cubic centimeter per second slow-

ing down past Epgay 1n the moderator, which contains two elements, and
in the absorber, which contains three elements, is

sT = S% + S% (moderator)
ST . IT 4 61T 4 51T (ruen)

The fraction of neutrons slowing past E, g, that exist in the moderator
is therefore
(S% + S%)a

= — (4)
(S{ + S%)a + (S%I + S%I + S%I)(b - a)

Py

where a and b - a are the half-widths of moderator and absorber in
centimeters. Substituting expression (3) into (4) gives

(5)

1
P, =
M T
LT - a) e-legly () + e2nlTo(g)) + edln il ()
cl 2 eizs (B + el (5D

It 1s proper to equate the fluxes per unit energy in the absorber
and moderator or to write

IT
=1 (6)
C

Substituting (6) into (5) gives Py- The fraction slowing past E, ..
in the fuel is therefore 1 - Py. Thus, the procedure for picking xj

at random in the fuel or moderator according to the number of neutrons
available from slowing down past Ep,, 1is
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Pick a new R

!

Yes & R < By?p—» No
b -8
Xl:a+.l—:-_PI_\/[-(R-PM)
1
# (Born in fuel)
¥
(Born in Assign neutron

Xy = % R [~ moderator)=—™ weight 1

Having determined pq and Xy, it is now necessary to determine
the energy E;. Suppose that the collision has taken place in the ab-

sorber. The following procedure determines the type of nucleus hit.
The probability that interaction was with 1th type nucleus 1is
st

Pi=

i =1,2,3
TT | gl , gll e
sil + 2t + s3

Using equation (3) there follows

I Pick a new R I

1T I1
< 87 + 53 .
IT IT 1 °
51 + S2 + SZ

A% A0t
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In the moderator the procedure is

Pick a new R

51

R<SI+SI ? ™ Yes Let ay = aq
1 2
No

Let (I,i = CX,Z

With the nuclear target known, the laws of elastic scattering and
isotropic scattering in the center of mass system lead to the following
procedure for picking E;. The probability per cubic centimeter per
second that a neutron will enter dE; about Ej if it scattered from
the ith element is

1 aiEM) < <
81 (B )dE, EEM(T - aﬂ(l T aiFy S By S By

—5— = p;(By)aE; -

i
0 By < oy

where equations (2) and (3) have been utilized. It is readily verified

that -/rEM pi(El)dEl = 1. The maximum value of the probability distri-
@4 By
bution in this equation is given by

1
Pi,max = EiEy

A rejection technigue (ref. 9) is used to pick E; from the dis-

i,max

tribution
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|

Pick two new R's

!

R2
?
CLl + Rz(l - O.i)

{

Yes | Let F; = aiBy + R2BM(1 - ai)

Ry <

The initial neutron coordinates py, X7, and E; are now completely
specified.

Obtaining Cross Sections as Function of Energy

The moderator cross sections have been assumed constant and are
consequently no problem. However, the absorber elements with total

cross sections Z%I(E) and Zg}i(E) have a complicated resonance

structure. The total and scattering cross sections for these elements
and the fission crcss section for U 35 are stored in the machine for a
sufficient number of discrete values of energy SQ (Q = ,2,. . ., 536)
in order to follow the resonances accurately. The neutron energy E
will generally fall between the tabulated values of SQ. The cross

section evaluated at energy E was obtained by logarithmic interpola-
tion between the two adjacent tabulated cross sections:

T - 10 1 ) E -8 [1 SIT | )
In £77(E) = 1n 257 (€q.q) + —_—eQ-l ey n 2357 (€q.1) - 1n zi(E:Q)]
or > (1)

E-€q_1
2t(eq 1) a1 .
Z%I (SQ) J

=TI(E) = 21%(eq ;)

This proved more accurate than linear interpolation. The scattering
and fission cross sections were evaluated similarly.

7oy T-d
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Obtaining x-Coordinates of Successive Collisions

The x-coordinate of the (K + l)th collision point is given in terms
of the x-coordinate of the K'D collision point by

XK+1 = XK + mK K = l, 2, o o
X (8)
r = - TE in R

where Xy, does not fall outside the region of xgs and where 1r is
the distance between the successive collision points Xy, Xgy) at the
angle cos‘luK; Hg 1s the direction cosine of the neutron velocity

vector after the KB collision; E£(E) is the total cross section of the
region; and R 1s a random number.

I xg41 Tfalls outside the region of Xy bounded by a surface
with coordinate xg, then the neutron calculaticr must be altered at Xg
with Z(E) replaced by ZI'(E) beyond xg. The direction wg and energy
B remain unchanged. A rew random number R' 1s picked and xyx4+1 in
the "oprimed" region is calculated as

Xl = X + Ty

rf o= - Z'lE 1n R!

Cell Boundary Conditions

Denoting the transport flux by F(x,u,E) and the lines of symmetry
x = 0, b, £2b (sketch (&)) by xsym, the following conditions on the
transport flux apply to a repetitive slab lattice:

F(X;u;E) = F('XJ"U}E) (l)

F(X)U;E) = F(ZXS - X, -, E) (2)

ym
FI(a:M:E) = FII(a;H;E)

Conditions (1) and (2) were utilized in the Monte Carlo calculation
as follows. A neutron inside the fuel at x with direction cosine u <0
was replaced by an equivalent neutron at 2Zb - x with direction ]u‘.

A neutron arriving at x = 2b - a with direction u > 0 was replaced
by an equivalent neutron at x = -a with direction u. A neutron
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inside the moderator at x, with direction up < 0, was replaced by an
equivalent neutron at -x with direction +|u|. 1In this manner neutrons
were always followed toward the right.

Determining Target Nucleus Hit
L

When a neutron of energy Ex and weight wy collides and scatters,

the procedure for determining the target nucleus hit for three types of

nuclei with atomic masses Ai is as follows:

Pick a new R

Y

R < : ?
= ?
1+ ZZ’S(EK) A 3’S<EK) —®Ves ¥ Let Ay = Ay
Zl,ézi?j
No
1
R < ?
1. Z3, 5 (Eg) —s{Yes | Tet Ay = Ag
Z3,s(Bg) + 2, 5(Bg)
No
Iet A; = Az (10)

In the moderator, 23 s =0 because there are only two elements
2

present, and equation (10) still applies but with the scattering cross
sections being given as constants. In the absorber region, the varia-
tion of cross section with energy is determined in accordance with the
discussion leading up to equation (7).

7eyT-d
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Statistical Estimation of A Priori Fuel Absorption

For purposes of efficiency and accuracy, whenever a neutron has
made its previocus or Kth collision in the fuel followed by its (K + l)th
collision in the fuel with the ith element, the collision is assumed tO
be a scattering collision and the emergent neutron is properly weighted
as

IT
Lot (Ex)
W = W _EL:L_EK_ (lla)
K+1 K o II )
i (B
where Wy is its weight immediately after the K'h collision. TIf the

jth type of nucleus 1s yessd (1 = 2), the fraction of the incident neutron
resulting in fissions is

IT I
7, 2 (Ex) sf2 (B)

Gy AR -

where Z%IZ(EK) is the macroscopic fission cross section of Uedd at
b
energy Eg.

Suppose, however, that the KPh collision has taken place at posi-
tion xg in the moderator. Since there is no moderator absorption,
WK = Wg-1- Suppose that energy Ex and direction pg after the col-
lision have been determined. The a priori fraction of wy_, that will

make the (K + l)th collision in the nearest absorber slab at energy Eg
and direction pg > 0 and be absorbed there is

I
=+ (a-xg) IT,.. y2(b-2a

""‘If““ -Z (EK}“‘"‘“l ZII(EK)
W, = W K 1 - i s <A (12a)
a = YK-1°¢ e T a

5 (B )

and the welght of the neutron at Xy is adjusted to

Wg = Wg_1 = Vg (12b)

The physical meaning of each term in equation (12a) is apparent.

Dropping the subscript K, these remaining v neutrons at x, U,
E (eq. (12b)) will be divided as follows with regard to the next or
(K + 1)tP collision:
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(1) wy of the w neutrons at Xg will make their next collision
in the region xk <x<a (u is positive) without reaching the absorber
region (see fig. 1).

2) w of the w neutrons at x will go directly to the absorber
S K
and scatter there.

(3) Wre Of the neutrons at Xg will escepe the moderator and the
absorber and thus reenter the moderator at x = 2b - g (sketen (a)).
Thus

\

W=WM+W +er

s

D)
s wé ZgI(EK)

f (12¢)

ZI(a—xK)

MK

Wy = Wi fl - e

J

After subtracting the a priori fuel absorption w, from the orig-
inal wg_; neutrons at Xg, the remaining w neutrons see a different

probability of making their next collision in the moderator or in the
absorber. In particular, the probabilities of directly colliding in the
absorber before and after this weight reduction are (w, + ws)/w'K_l and
wy/Wx respectively.

As discussed in the section Cell Boundary Conditions, neutrons in
the Monte Carlo calculation are always followed toward the right with a
positive u. Whenever a neutron escapes from the fuel at x = 2b -~ a,

it is placed at x = -a with the same 4y, and its weight is reduced
according to equation (lEb). A neutron escaping from the absorber at
x = a 1s placed at x = -a with the direction reversed and then Vg

is subtracted out. A neutron inside the absorber or the moderator
having a negative direction is transferred to the mirror image point
and the sign of u is reversed in accordance with the discussion in
the section Cell Boundary Conditions. Thus, the weight of the neutron
is reduced by wy after it has collided inside the moderator or after
it has reached the moderator boundary from inside the absorber. Tt is
weighted according to equation (1la) only after two consecutive col-
lisions within the absorber.

Given then a neutron of weight Wg_1, energy EK, and direction
Mg > 0 at Xg = =a or at some point inside the moderator, the Monte

Carlo procedure is as follows:
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Thus, the neutron of reduced weight wy scatters in the absorber,
for example, with the correct frequency ws/wK. The remainder of this
branch in the block diagram consists of a technique that forces this
neutron to attenuate exponentially and yet remain confined within the
absorber. An equivalent method of achieving "restricted exponential
attenuation”" for this branch would be

Pick two new R's je—

-ZII(EK)Eiﬁigjil R,

Rl < e ? p—> No

Yes

l

r = 2§b-a! RZ
HK

l

Xg4l = 8 F THg

The difficulty here would be that, for pp ~ 0, the rejection technique
becomes very inefficient and would consequently need modification.
Obtaining Neutron Energy After Elastic Collision

If a neutron of energy Ey has elastically scattered from the ith

element of mass A; and the scattering is isotropic in the center of
mass system, the probability that the neutron will emerge with an energy
in dE about E is

dE
£(E)aE =<4 BK(L - @1) ajBg S E < By

0 otherwise

FCHT-W



E-1434

23

where
. - (A - 1)2
(A + 1)
The expression for f(E)dE implies that E occurs uniformly between
aiBx and Ex. Hence the procedure is

Py

Pick a new R

1 (13)

4A4R
By = |1 - ——
)

(Al-l-l

Obtaining Cosine of Angle Between Neutron Velocity Vector
and x-axis After Anisotropic Scattering Collision

In appendix A it is proven that pg,q 1is given by

MKl = HKHT, + \/(l - uf) (1 - ) cos B (14)

where pp 1s the cosine of the scattering angle in the laboratory
system and B is the azimuthal angle of the scattering (sketch (d))
about the original direction of neutron travel before the scattering.
Formulas to determine the azimuthal angle of the neutron velocity vector
in the y,z-plane are also derived in appendix A; they are not needed in
this Monte Carlo calculation, but in configurations where two angular
coordinates are required to specify the neutron velocity vector.

The scattering is isotropic in the center of mass system, and the
azimuthal angle B is uniformly distributed between =-n and =n. Let-
ting R denote the same random number that was used in equation (13),
the procedure is



24

®

IJ.C =1~ 2R
' .

AiLJ.C + 1

M1,

l‘

Pick two new R's

!

RJZ_+R§<1?-———-—->NO

{

Yes

Y

2 2
Ry - R3

2 2
Rl + R2

l

Hygpp = Mo \r(l - uf{)(l - ui) cos B

cos B =

A complete block diagram and IBM 704 Monte Carlo code are given in
detail in appendix C.

RESULT'S AND DISCUSSION

The IBM 704 machine time required per thousand histories was 15 min-
utes for the lithium hydride or water moderated cases and 50 minutes for
the beryllium oxide cases. {Approximately five times as many collisions

*This is the relation between the cosine of the scattering angle in
the laboratory system and the cosine of the angle in the center of mass

system.
tFrom reference 9 for picking from a random cosine distribution.

PeHT-T
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per history occur in beryllium oxide.) Six thousand histories were run
for most of the lithium hydride or water moderated cases and Z000 his-
tories for beryllium oxide.

Figure 1 shows the lowest lying resonances of tungsten (up to 25 ev)
and the peak values of the absorption and scattering cross sections.
These resonances are responcible for more than 60 percent of the total
rescnance absorption over the range of tungsten thicknesses considered.

Figure 2 shows P(E) plotted against E for 4 inches of lithium
hydride moderator and several thicknesses of tungsten. The location
and peak values of the more significant tungsten resonances are indicated
by the vertical lines. Each vertical jump corresponds to the peak of a
resonance. The abscrptions per history between E; and EZ(El > Ez)

are given by P(Ey) - P(E;), from which the absorptions attributable to

each resonance are readily obtained. The bulk of the absorptions occur
below 25 electron volts, but, as the tungsten thickness increases, there
is a progressively larger percentage of absorptiors above 25 electron
volts. This is seen from tables I to IV which surmarize much of the
Monte Carlo study for tungsten. These tables give the number of neutrons
absorbed in the various specified energy intervals for several thick-
nesses of water, lithium hydride, or beryllium oxide moderator and a
range of tungsten thicknesses. Also presented are the peak absorption
and scattering cross sections in the various energy intervals and the
fraction of the total dilute resonance absorption integral occupied by
each Interval.

From the tungsten cross-section data in reference 4, the total
dilute resonance absorption integral between 257 electron volts and 1.20
and 0.125 electron volt was evaluated analytically using logarithmic
interpolation between successive points at a total of 538 energy values
(appendix B). The result to 1.20 and 0.125 electron volt was 315 and
346 barns, respectively, including the l/v contribution.

Figures 3 to 5 show the resonance escape probability from 961 to
1.20 electron volts (called P) as a function of tungsten thickness t
in mils. The figures are for given thicknesses of water, lithium hydride,
and beryllium oxide moderator, respectively.

The value of P decreases with increasing tungsten thickness and
with decreasing plate separation. This is to be expected, because
neutrons spend progressively more time in the absorber region. The
lithium hydride moderators, having moderating properties similar to
water, yield nearly equal values of P. The beryllium oxide moderated
cases yield much lower values of P for the same tungsten thickness be-
cause a neutron makes approximately five times as many collisions to
slow down in beryllium oxide as in lithium hydride or water. The cell
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interaction effects of 4 inches of mocderator were found to be completely
negligible., There are good indications that this is still true at 1 inch
of lithium hydride or water moderator, which is about 4 mean free paths.

Figure 6 shows how the resonance escape probability correlates as a
function of the moderator slowing-down parameter QZTtM for various ab-

sorber thicknesses. In this parameter, £ 1is the average logarithmic
energy decrement and IZpty 1s the mean free path thickness of the water,
lithium hydride, or beryllium oxide moderator. Notice that this param-
eter involves in the denominator the average number of collisions to
slow down from Epay tO BEpips namely, Au/g where Au egquals

ln(gzai). Thus, for a given tungsten thickness, different moderators
in

having equal EZTtM values will have roughly equal values of the reso-
nance escape probability. Appendix D indicates how this parameter may
be derived.

Figure 7 and table IV show the effect of the temperature of the
tungsten or Doppler broadening on the resonance escape probability for
4 inches of water moderator and 8, 80, and 160 mils of tungsten. In
general, P 1s lowered or absorptions increase with higher absorber tem-
peratures, and this progressively lowers the peak cross sections of the
resonances but increases the cross sections in the wings. The anomalous
behavior at 0.0253 electron volt and 80 mils is evidently statistical.
For the cases run, however, the effect of Doppler broadening is seen to
be small, on the order of 3 to 5 units in the third digit of P for
kT = 0.5 electron volt (20 times room temperature). This effect may be-
come more severe for lower values of P.

Figure 8 shows how the resonance escape probability after H his-
tories deviates from the final value of P arbitrarily taken at 6000
histories. The curves shown are primarily for 1.8 inches of water
moderator and a range of tungsten thicknesses. The corresponding values

of P after 6000 histories are listed in the figure. As the 8000-history

answer 1s approached, the statistical fluctuations in the accumulating
value for P for the last several thousand histories lie within 2 units
in the third digit of P.

Comparison of Experimental and Monte Carlo Results

Figure 9 shows the experimental epil-cadmium absorptions (above 0.6
ev) plotted against the tungsten thickness and compared with the Monte
Carlo results. The experimental results were obtained from measurements
performed with the NASA solution reactor; the preliminary details of
these experiments are discussed in reference 5. In these experiments,
the relative reactivities of samples of various thicknesses located at

YeFT-H
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the center of the reactor were measured. The experimental absorptions
are normalized to the Monte Carlo absorptions at 0.8 mil of tungsten.
Agreement over four decades from l/lO to 160 mils (the largest tungsten
foil measured) is seen to be excellent and within the statistical fluc-
tuations of the Monte Carlo method and experimental error.

Figure 10 shows the experimental epi-cadmium absorptions plotted
against gold thickness and compared with the Monte Carlo results for the
4-inch water moderated cases. Agreement 1s again excellent within sta-
tistical and experimental error with the possible exception of the 90-mil
point, which is 15 percent lower than the experimental value. The gold
foils were l-inch-diameter disks, and at a thickness of 20 mils edge ef-
fects may no longer be negligible.

The Monte Carlo model differs from the experimental setup in the
following ways:

(1) The calculation assumes a repetitive lattice, whereas the ex-
periment considers a single foil in an effectively infinite medium.

(2) The moderator is nonabsorbing and nonfissile in the calculation,
but not in the experiment, where the composition of the moderator is a
solution of uranylfluoride and water.

(3) The calculation assumes semi-infinite slabs, finite only in
thickness, whereas the experimental foils are rectangular parallelepipeds
(5.06 cm® in area on the plane perpendicular to the thickness).

The first condition is removed by comparison with the 4-inch water
(or lithium hydride) moderated cases for which the cell interaction ef-
fects are completely negligible.

The second condition is probably a small effect because the ratilo

of atoms of U255, UZBB, and fluorine to atoms of hydrogen and oxygen in
water is about 1/500 in the NASA solution reactor.

Tn all but the thickest tungsten or gold samples, the area of the
edges is small in comparison with the area of the plane perpendicular
to the thickness. Thus, the last condition may be a second or higher
order effect. The Monte Carlo absorption curves of figures 9 and 10 are
quite sensitive to the tungsten and gold cross section input data.

Discussion of Tables

Allowing for statistical error, it is seen from tables I to IIT
that, as the tungsten thickness approaches zero, the percentage absorp-
tion in a given energy band approaches the percentage of the total dilute
resonance absorption integral occupied by that energy band.



The region from 1.20 to 0.125 electron volt is predominantly l/v
absorptive. From the tungsten tables it is seen that the ratio of ab-
sorptions in this range to the total absorptions increases from about
S percent at 0.126 mil to 25 percent at 160 mils. Similarly the per-
centage absorption in the higher-energy resonances (above 40.3 ev) in-
creases from about 8 percent at 0.126 mil to 25 percent at 160 mils.
The larger rescnances decrease in importance as the tungsten thickness
increases.

Table V presents the absorptions in various energy intervals for
4 inches of water moderator and several slab thicknesses of gold at room
temperature. Alsc presented are the corresponding peak absorption and
scattering cross sections. These energy intervals were generally chosen
to span the individual more important gold resonances from "valley to
valley."

123 A %!

The total dilute resonance absorption integral of gold was calcu-
lated to be 1558 barns from 961 to 0.6 electron volt. Approximately 96
percent cf this total value occurs in the huge predominantly absorptive
resonance at 5 electron volts that occupies the energy band from 10 to
1.4 electron volts in table V. Tt is seen that this resonance causes
96 percent of the absorptions at a thickness of 0.08 mil and 66 percent
of the absorptions at 90 mils. As in tungsten, a progressively larger
percentage of the total absorptions occurs in the l/v energy region
and at higher energy resonances with increasing thicknesses of gold.

Examination of the detailed 108-energy-band output (not included
herein) for the various thicknesses of tungsten (or gold) shows that
absorptions in the peak areas of the resonances saturate out in the first
few mils of thickness. As the tungsten or gold thickness increases, the
slab becomes progressively grayer to neutrons in the wings and finally
black for sufficiently large thicknesses, at which time the levels of
the valleys and the l/v absorptions become predominant. This can also
be observed from the tables, where it is interesting to note how the
various resonances self-shield.

Figure 11 shows the absorptions in the 4.1~ and 18.8~electron-volt
resonances as a function of tungsten thickness. The huge scattering
absorptive resonance at 18.8 electron volts is strongly self-shielding
with increasing tungsten thickness. The energy band from 20.7 to 18
electron velts includes much of the wings of this resonance and causes
36 percent of the total absorptions at 0.126 mil of tungsten and only
10 percent of the total at 160 mils. The corresponding percentages for
the predominantly absorptive rescnance at 4.1 electron volts (5.7 to
2.3 ev) range from 29 percent at 0.126 mil to 22 percent at 160 mils,
which is relatively weak self-shielding.
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In addition to causing stronger self-shielding, the scattering
portion of the 18.8-electron-volt resonance "albedos" many of the in-
cident neutrons back into the moderator, where they escape resonance
capture. The remainder are trapped within the tungsten, where they

Y (E)
scatter about for many collisions with the fraction = being ab-
sorbed per collision. &y E)

Suppression of Scattering

Thick and thin tungsten cases were rerun with the scattering sup-
pressed at all energies; that is, Zy was reduced by X5 and then Zg
was set equal to zero. This resulted in 25 percent more absorptions in
the 18.8-electron-volt resonance for the 0.8-mil case and 75 percent more
absorptions for the 80-mil case. However, P(S51 - 0.125 ev) decreased
only slightly in all cases tried because the 158.8-electron-volt resonance
is not the dominant absorber for thick samples. In the 80-mil tungsten
case, P was lowered by 4 units in the third digit. The absorptions in
the scattering resonances above 40.3 electron volts were significantly
affected by suppression of the scattering, but this did not seriously
affect the overall value of P because relatively few absorpticns occur
in these resonances.

Notice that suppression of the scattering introduces compensating
effects. The lowering of L, increases the probability of transmission

through the slab. Setting Ly = 0 makes every collision in tungsten an

absorption. The net effect 1s a slightly greater absorption or lower
value of P. However, suppression of scattering is a poor approximation
for a huge predominantly scattering resonance such as the one at 18.8
electron volts in tungsten and other predominantly scattering resonances
(above 40.3 ev).

Analytical Results

Appendix D and table VI demonstrate the analytical prediction of
total absorption to 1.20 and 0.125 electron volt for a pure l/v ab-
sorbing region in a repetitive lattice where cell interaction effects
are negligible. A thermal absorption cross section of 18.8 barns was
assumed in table VI.

Considering the statistical fluctuations of the Monte Carlo results
in table VI (4000 histories), agreement is seen to be excellent despite
the fact that the analytical results are consistently higher. Perhaps
this indicates the existence of small flux depression effects, which are
automatically considered in the Monte Carlo calculations, but not in
equation (D4). Note that the moderator correlation displayed in figure 6
appears in equation (D5) with a small correction term.
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This same model, with the additional approximation of suppression
of the scattering, is applied in appendix E to predicting resonance ab-
sorption (eq. (Ell)). Table VII gives the results of this calculation
for a 4-inch-water moderator and several thicknesses of tungsten. Com-
parison with the Monte Carlo results of table I(d) shows that agreement
is generally good except in the 18.8~electron-volt scattering resonance
and in some scattering resonances above 40.3 electron volts.

To avoid the suppression of the scattering approximation, equa-
tion (E7) may be integrated by performing the identical interpolation on
k(u) in the interval ug = Ug,; @s was performed on Kg(u) in this in-

terval (eq. (E9)), and then eliminating u, du, and K, (u) in terms of
k(u), dx(u), K(uQ), and K(uQ+l). The resulting expression can be in-
tegrated from K(uQ) to K(uQ+l). Supposing that the true moderator flux

is very nearly uniform and 1/E, this treatment accorded to equation (E7)
should yield the correct first-collision absorptions in the absorber
region. For a resonance that is also strongly scattering, additional
absorptions will result from successilve multiple scattering collisions
within the absorber region. Thus suppression of the scattering (eq.
(E11)) gives the upper bound to the absorption in the interval

ug ~ ug+ls and this treatment should yield the correct lower bound, pro-

viding that the moderator flux is actually that which has been assumed.

Uncorrelating Energy and Angle

Prediction of resonance escape probabilities by analytical methods
can be very greatly simplified if the energy and angle correlation of
the scattering can be uncoupled. In order to obtain some measure of the
error introduced by this approximation, two cases were run with the energy
and angle uncoupled and all scattering isotropic in the laboratory system.
For a l-inch water moderator and 8 and 80 mils of tungsten, P changed
from 0.961 to 0.965 (2000 histories) and from 0.873 to 0.877 (4000 his-
tories). Thus, an analytical treatment incorporating these simplifying
assumptions should be able to predict resonance escape probabillities
resonably well, provided that the configuration or model calculated is
physically similar.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, November 24, 1961
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APPENDIX A

CALCULATION OF NEUTRON DIRECTION AFTER
ANISOTROPIC SCATTERING COLLISION

In sketches (¢) and (d), €' 1is the unit velocity vector before the
collision and @ is the unit velocity vector after the collision.




3z

V¥ is the angle between g and 5, and & * ' = u; = cos V¥. The
L

polar angles that Q' and @ make with the x-axis are respectively
denoted by &' and £, whereas the azimuthal angles these vectors make
in the y,z-plane are o' and a. The symbols P and § denote orthog-

onal unit vectors in a plane perpendicular to 5’; P is in the plane
formed by OPQ. 1In sketch (d) B 1is the azimuthal angle of 4 measured
in a plane perpendicular to the OPQ plane. Finally, X, ¥, and Z rep-
resent unit vectors along the x-, y-y and z-axes of the basic reference
system. From sketches (c) and (d) it is seen that

@ =Xcos £+ ¥ sin €t cosa+ 2z sinéf sina (A1)

- [ —t . ~ . .

3" =X cos E! + ¥ sin &' cos o' + z sin E&' sin o'
B=Xsint" - ¥cos &' cosa' - Zcos &' sina’ (A2)
g = -¥ sin a' + Z cos o'

- —> o . A * It
0 =0"cosV + P sinV cos B+ q sin V¥ sin B (A3)

Equations (A2) substituted into (A3) yield
Q= %(cos £' cos ¥ + sin &' cos B sin ¥) + F(sin &' cos a' cos ¥

- cos t' cos o' cos B sin ¥ - sin a' sin B sin V)

+ Z(sin &' sin a' cos ¥ - cos &' sin o' cos B sin ¥

+ cos a! sin B sin V) (A4)
Taking the dot product O + ¥ in equations (Al) and (A4) gives

cos £ = cos E' cos ¥ + sin &' sin ¥ cos B

which in the notation of the text is

hge1 = tip, + V(1 - BB (1 - uf) cos B (85)

[

Taking the dot products -V and g + ¥ in equations (Al) and
(A4) yields the relations

sin £ cos @ = sin &' cos a' cos ¥ - cos &' cos o' cos B sin ¥

- sin o' sin B sin ¥ (a6a)

YoV T-H
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sin £ sin a = sin &' sin a' cos ¥ - cos &' sin a' cos B sin ¥
+ cos a' sin B sin ¥ (A6b)

Multiplying equation (AGa) by sin a' and (A6b) by cos o' and sub-
tracting give

. sin sin
sin(a - a') = ———E%H—E—JE

Multiplying equation (A6a) by cos a' and (A6b) by sin o' and adding
give

sin &' cos ¥ -~ cos E' cos B sin ¥

cos{a - a') = sin &

Tn the notation of the text these relations become

il

sin(ag,y - ag)

> (A7)

cos(ogy) - ag) = cos B

1 - bge1 p

Fither of equations (A7) may be used to determine the azimuthal angle
of the neutron velocity in the x, y, z coordinate system after the

KtB collision. Clearly, it is unnecessary to determine the azimuthal
angle in the Monte Carlo calculations undertaken in this paper.
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APPENDIX B

NUMERICAL EVALUATION OF DIIUTE RESONANCE
ABSORPTION INTEGRAL FOR NATURAL TUNGSTEN

The dilute resonance absorption integral is defined as

Y] Ey
DRAT = / oa(E) d—g = Z / Gé(E) %E- (B1)
E : E

c i+l

where Ué(E) is the microscopic absorption cross section of tungsten at
energy E. Using logarithmic interpolation between the two given values
of and oltl

E-Ei

;i\ FiTBil
) 4 a
0i(E) = o3 (;i+l> (B2)

a

where E; > E;,.q. Substituting into equation (B1) gives

Ey E-E4
/ol Bi-Ein 5
DRAT = ot (Gi+l) = (B3)
i Biyl :

Equation (B3) becomes

E;/(E;-Eiq1) ~
el T By 1 i+l
DRAT = ol Il 10 2
ol Ei-- Ei4l ok
1 a a
- J|m—— 1n = > (54)
By - By ol
a
-t
I(x) = f £ at
A

ANARC
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The cross-section data for tungsten were taken from reference 4 in
evaluating equation (B4). A running sum was maintained in this evalu-
ation so that the dilute resonance absorption integral for the most
important resonances could be observed (see tables I to IV). From 257
to 1.2 electron volts, equation (B4) gave a total of 315 barns, and
from 257 to 0.125 electron volt a total of 346 barns.
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APPENDIX C

IBM 704 MONTE CARIO CODE AND BIOCK DIAGRAM

A code has been written in Fortran for the IBM 704 to compute the
resonance escape probability in an infinite slab lattice using the
Monte Carlo method. The total absorptions are also directly calculated
and may be compared as an internal consistency check with (1 - p). The
code will, in addition, compute the percent of absorptions due to any
one (specified) element of the three possible in the "fuel™ and, as a
run time option, the neutron flux at a maximum of 580 energy-space
points. If a fissionable element is included in the "fuel," fissions
as a function of energy will be listed as part of the output.

Symbols

A moderator half-thickness, cm

ABSOXZ absorption due to element of constant cross section in
"fuel"

ABSW; absorption due to nonfissionable "fuel" element in energy
band 1

AM atomic mass of element neutron has struck

B total cell (moderator + "fuel") half-thickness, cm

EIOSS a priori probability that neutron at Xo, Ep, Hs in

moderator will not suffer its next collision in "fuel"

EP(M) energies for which values of P(E) will be printed as out-
put (every HTEST number of histories)

Enax maximum energy for which cross sections are read in and at
which resonance escape probability P 1s normalized

Bin lowest energy to which P 1s computed

Eq, Ep 0ld and new (current) neutron energy, respectively
FISS figsions due to fissionable "fuel" element

HTEST number of histories before each output

TA(L or 0) specifies presence (+1) or absence (0) of element number 1,
moderator

HORFT =



IB(1

1c(1

(1

IE(1

RESCP
Ry, Ry
TOTK

Wl,WZ

WIOSS

WLOST

He

M1,

Hi,Ho

or

or

or

or
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specifies presence (+1) or absence (0) of element number 2,

moderator

specifies presence (+1) or sbsence (O) of element nurber 1,

fuel

specifies presence (+1) or absence (0) of element number 2,

fuel

specifies presence (+1) or absence (0) of element number 3,

fuel

number of collisions in given history

total number of output energies (1 M N)

total resonance escape to Ky,

random numbers

total collisions

old and new (current) neutron weight, respectively

a.

priori probalility of neutron at xp in moderator, with
energy E- and direction up, being absorbed in "fuel”
on next collision

priori probability of neutron at ¥p 1in moderator, with
energy E. and direction u,, being scattered in Trpel”
on next collision

fuel thickness divided Dy 1 - A

moderator thickness divided by A

[(A - 1)/(a + l)]g, where A 1is atomic mass

probability of neutron's being born in moderator

cosine of scattering angle in center-of-mass coordinates

cosine of scattering angle in laboratory coordinates

cosines of old and new (or current) cosine of scattering

angles, respectively

average logarithmic energy decrement per collision with

element n



ZgI macroscopic absorption cross section at Ez in "fuel

Zgi macroscopic absorption cross section at Ep of element number 1
in fuel

Z;é macroscopic absorption cross section at Ep of element number 2
in fuel

Z%I macroscopic fission cross section at Ep of element number Z
in fuel

Zgl macroscopic scattering cross section at Ep in "fuel"

Z% total (scattering) macroscopic cross section of element neutron
has struck in moderator

Z%I macroscopic total cross section at E, in "fuel"

Subscripts:

KOUNT energies and cross sections in table

M energies used for output (usually every fifth energy in table
is an output energy)

Input

The input to the code divides, logically, into three parts, control
words, energy independent nuclear and geometric constants, and energy
dependent nuclear constants.

Control words. - Five words are necessary to specify the presence
(1) or absence (0) of each of the two possible moderator elements and
three possible fuel elements. Controls are also necessary to specify:
the number of histories per output, the total number of histories per
run, the number of space points and energy points at which the fluxes
will be calculated, the total number of energies to which p will be
calculated, the maximum and minimum energy values which a neutron may
see, and the limits over which the absorptions will be summed to indicate
total absorptions in certain (usually resonance) energy bands.

One work is necessary determining whether the case being run is a
"start" (0) or a "restart" (1). In the latter case it is necessary to
include, as part of the input, the binary cards punched as part of the

A AN



E-1434

39

last run. The number of histories before such dumps occur is also an
input word. '

Energy independent constants. - The total and scattering microscopic
cross sections of the moderator elements and of possibly one of the fuel
elements are assumed to be energy independent and are included as part of
the input. The average logarithmic energy decrement per ccllision 3
and a = (A - 1)2/(A + 1)% for each element must be included, as must the
scattering and total microscopic cross sections above Epgyx. In addition,

the atomic masses of each element present must be included.

The geometric constants include the half-width of the entire cell
and the half-width of the moderator region.

Energy dependent constants. - A binary card deck containing the
microscopic total and scattering cross sections of one "fuel" element
and total, scattering, and fission cross sections of another "fuel"
element as a function an energy table completes the input. If either
elemens is absent, all the cross sections that pertain to it appear as
zeros. The energy table must always be included and may contain no more
than 676 values, ranging from E,oyx to BEpi, 1in descending order.

Code Description

Because of the size limitations of the IBM 704 core, the Monte
Carlo code was broken into four logical elements (core loads) utilizing
the "ping-pong" feature, whereby a core load is stored on tape in the
manner of an open subroutine until needed. These four loads perform
roughly the following services:

Core 1l: Input and data editing (e.g., multiplying microscopic
cross sections by atomic masses to produce macroscopic cross
sections, generating internal code words for branching purposes,
etc.)

Core 2: All logical operations needed to fecllow a neutron history
as it slows down from E, .. to Ey;, in a repetitive slab lat-

tice, including keeping a running sum of the number of neutrons
absorbed and of the number which escape absorption

Core 3: Data manipulation and output

Core 4: Dummy (Since core 4 is called after core 1 and before
core 2, probably its most useful mode of operation is to modify
slightly the input data and/or constants and code words to suit
some specialized problem. )
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The flow of the code through the core loads is as follows:

Start p=————» Core 1 pE—1Restart

Core 2 €——————— (NOP-1) times

Y

Stop [ Core 3 Output

A flow diagram of the logic of core 2 1s included along with a list
of pertinent symbols. The diagram is self-explanatory with two excep-
tions. First, the assignation of a and én is done in the usual way,
by comparison of a random number with the probability of striking a given
nucleus. Second, the test on the overflow or underflow of a quantity x
is achieved in the following manner. The new quantity x(x - y) is
formed, where y is involved in the calculation of x and must always,
realistically speaking, be larger than x. Both x and Yy are greater
than 0. If the new quantity x(x - y) is zero or positive, an overflow
or underflow is considered to have taken place. If it is negative, the
value of x 1is accepted as it is.

Output
Under normal circumstances the output will consist of a list of in-
put constants and parameters and certain code words and the following
"machine generated" numbers:

(1) The total number of histories

(2) The maximum number of collisions a neutron has made in any one
history

(2) The total collisions made

(4) The total fissions

(5) The resonance escape probability P to Eyip
(6) Six columns of figures, listing

(a) (Arbitrarily) every fifth input energy

verT-E
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(v) P(E) corresponding to the listed erergy value normalized
to unity at B

(c) The total absorptions between each two listed energy values
(d) The absorptions in certain (specified) bands of energy

(e) The fraction of the absorption due to a (specified) "fuel”
element between each pair of listed energy values

(f) The fissions as a function of energy
(7) An energy-space matrix of the fluxes

If an "alarm condition" has occurred (i.e., any condition that
could send the problem to 99 in the flow chart), the information just
listed will be preceded by the words ALARM CONDITION and a list of all
words that could possibly have caused such a situation. In the case of
an alarm condition the problem will stop with no further computation or
output, whether the specified number of histories has been completed or
not.

The complete block diagram and Fortran code follow.
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MONTE CARLO FORTRAN CODE

MONTE CARLO RESONANCE ESCAPE PROBLEM CORE 1 INPUT
DIMENSION EN(676)sSIG2UT(676)s5G2SUT(676) sSCG2FUT(676)9SIG2WTI6TE )
15625WT(676)QEP(137)9OMEGA(137)’ABSW(137)’5[7),FISS(137)9FLUX(6BO)
2yNEXT(50)
COMMON SIG2UT#SG2SUTsSG2FUT9SIG2WT ¢ SG2SWT sENSEP oF 9FISSyFLUX
+ABSZ s ABSWsOMEGA Sy SIG1ICy SIG1S0s SIGIBLaSLLISEEs SIG20 S1G2S0y
S2SUEMsS2SWEMs SG2UEMs SG2WEiMs EMINs TMaXs XI0Os XIUs XIWs XI1BE
e AsBys AOsAUSABE »AWSALPHOy ALPHUSALPHBEs ~LPHWS DUNEy CASE9sNsKORA,
s KORBy» NUMBER#XID1ls ACls ALPHOL» JAs 1By ICeIUIESs He HTESTS
RESCP+E2s KMAXs TOTKs NOPeDELHs BMAs MM1ls SIGls SIG1Ss SIGZ2EM»
SGZSEM’DELTA’Z’Y’THETAQPHI’ETA’TEST'V’TQP’U’XNO,XNBE’xNU’XNw,XNol
sHELPsR1sR2sAMUZs KOUNT 9K sRATIO sALPHASSIG2E19SG2UEL19SG2WEL1sAMy
XNoW1sNFLaNLX s JFL9sJDPsNDP
COMMON SG25FE23SIG2E29SG2UE29SG2WE2 s W2 INEXT X1 9AMUL$ELOSSHWLO
1ST9FLOSSSELsALOGy JJT9JJ29X2
301 FORMAT (8E9¢5/8BE9e5/8E945/4E9459215)
304 FORMAT (BE9.5)

[o BRI SRE N -JRUL IO

200 FORMAT(81H1 MONTE CARLO RESONANCE ESCAP
1E PROBABILITY CALCULATION//40H CASE NU
2MBER F5.0}

201 FORMAT(68HO MODERATOR
1 CELL WIDTHFBe4sl8H (M ATOMS/CCF946/F103e6//105H
2 FUEL AnND CLADDING FER CCENT PER C
3ENT (BY VOLUME) CELL WIDTHF&e394H CM//94H
4 AT

S5OMS/CCF946/F103e6/F10366}
57 READ INPUT TAPE 7910s1AelBsICsIDsIEsNOPsDELHsS(7) s NFLaNLX 9NOP
10 FORMAT (615s 2F10e1s 31I5)

READ INPUT TAPE 79301y SIG1U9SIG1SOsSIGIBEsSGISBESSIGZ0sS1G2509525U
1EMyS2SWEMe SG2UEM SGI2WEMs EMINYEMAX s X IO s XIUsX1IWsXIBEYAsBsADAUSABE
2AWSALPHOsALPHU s ALPHHEE s ALPHW s DONE 9 CASE o NUMBLR SN

READ INPUT TAPE 7+3C4sANIBEsANIOSANZOSANZ2USANZWeX{U1sAOL»ALPHOL

CALL BCREAD (EN{NUMBER)}$SIG2UT(1}]

M=1

403 DO 303 L=1sNUMBERS

EP(MY=EN(L)

303 M=M+1
IF (S(7)) 5949604959
59 CALL BC READ (S(7)sS{1))

CALL BC READ (ABSWIN)sABSZ)

CALL BC READ (OMEGA(N)OMEGA(1})

IF (ID) B02+8019802

802 CALL BC READ (FISS{N)s F )

801 IF (100-NFL) 970+804»804

804 CALL BC READ (FLUX(NLX)s FLUX(1})
970 CALL SAND (DAM}

H=51(1)}

TOTK=S51(2)

DAM=S(3)

RESCP=S{4)

F=5(5)

KMAX=S5(6)

HTEST=H+DELH
H=H+1e
GO 70 980

960 CALL SAND (DAM)

RESCP=0e

H=1,

TOTK=0e

S(3)=DAM



HTEST=DELH
980 BMA=B-A
NM1 = N-1

JJ1=2*1A+IB
JJ2=4%1C42*ID+]IE
IF (JJ1¥(JJ1=4)) 29434934

34 WRITE OQUTPUT TAPE 63s10s1AsIBs1CsIDsIE
GO TO 900

29 IF (JJ2%(JJ2-8)) 354934434

35 GO TO (399142942} JJ1

39 SIGIBE=0s
SG1SBE=0e

44 SIG10=AN10%SIG10
SIG1SO=AN10#SIG1SO
P=S1G150/SI1G10
XNO1z (44%A01)/((AO1+1s)%%2)
AN1BE=0.
GO TO 46

142 SIG10=0s
SIG1S0=0e
SIG1BE=AN1BE*SIG1BE
SG1SBE=AN1BE*SG1SBE
T=SG1SBE/SIG1BE
XNBE={4o*ABE) /((ABE+1e ) #%2})
AN10=0s
GO TO 46

42 SI1G10=AN10%*SIG10O
SIG1S0=AN10*SIG1S0O
SIG1BE=AN1BE*SIG1BE
SG1SBE=ANIBE*SGL1SBE
P=51G150/SIG10
T=SG1SBE/SIG1BE
V= SIGIBE/(SIG10+SIG1BE)
XNO1=(4e%A01 )/ ((AOL1+1e)%%2)
XNBE= (4 4*ABE) /{ (ABE+1e ) %%2)
THETA= SG1SBE*XIBE/(SIG1SO*¥XI01+SG1SBE*XIBE)

46 SIG1=SI1G10+S1G1BE
SIG1S=SIG1S0+SG1SBE
GO TO (34438932938932938432)y JJ2

32 SI1G20=AN20%#S1G20
SIG250=AN20%S51G2S0O
Q=51G250/51G20
XNO=({4¢%A0) /{ {AO+14 )3#%2)
GO TO 26

38 AN20=0.
S1G20=0.
51G2S0=0.

26 GO TO (344+49949951951949949)s JJ2

49 SG2UEM=ANZU*SG2UEM
S2SUEM=AN2U*S2SUEM
XNU=(4 ¢ #AU) /L {AU+10 ) %2
DO 28 J=1sNUMBER
SG2SUT(J)=AN2U*SG2SUT(J)
SIG2UT(J)=AN2U*SIG2UT(J)

28 SG2FUT(J)=AN2U*SG2FUT{J)

60 TO 21

51 SG2UEM=0.
S2SUEM=0
AN2U=0.
SG2UE2=0.
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21
981

100

24

91

90

805
815

807
808

809

803

816

817

818
819
989
103
104

900

45

GO TO (3449269249981 998199819961) JJ2

DO100 J=1sNUMBER

SIG2WT{J)=AN2W*SIG2WT (J)

SG2S5WT(J)=AN2WHSG2SWT (J)

S2SWEM=ANZW*S2SWEM

SG2WEM=ANZW*SG2WEM

XNW= (4 e %AW) /( {AW+]1 0 ) %%2 )

GO TO 91

AN2W=0.

SG2WEM=0oe

S2SWEM=0.,

SG2WE2=0.

SIG2EM=SG2UEM+SG2WEM+SIG20

SG2SEM=S2SUEM+S2SWEM+SIG2S0

DELTA= (SIG2EM¥*SIGIS*¥A)/((SIG2EM*SIGLIS*A)+SG2SEM*¥SIGL*BMA)
Z=A/DELTA

Y=BMA/{1le=DELTA)

PHI=S2SUEM*X U/ ((S2SUEMHXTIU)+(SIG2SO*X]0)+(S2SWEM*XIW))
ETA=S2SWEMH*XIW/ L (S2SWEM¥X W)+ (SIG2SU¥X0)+(S2SUEM®X]IU))
TEST=ETA+PHI

WRITE QOUTPUT TAPE 692009 CASE

WRTTE QUTPUT TAFE 69 201 sAsANIBE sANIOsBMASAN2O9ANZUSANZW
WRITE OUTPUT TAPE 6990+SIG10sSIG1SOsXNOLls PeSIGLleTHETA
WRITE OUTPUT TAPE 6+50¢SIGIBEsS GlSBEsXNDL»T»SIG1S»V
WRITE OQUTPUT TAPE 69904SIG20sSIGZSOeXNOsWs SIG2EMeSG2SEM
WRITE OUTPUT TAPE 69909SGRUEMeS2SUEMeXNUSDELTASZ»Y
WRITE QUTPUT TAPE 69909SG2WEMsS2SWEMs SG2WE2 9 XNWePHI9ETA
FORMAT {1P6E20e7)

IF (NFL-100) 805998954989

READ INPUT TAPE 79815sNXAsNXBsNXCoeNXDeNXEsDXASDXBoDXC
FORMAT (515s 3F10e4)

LL=NXA+?2

MM=75~-NXH

KK={NXA=1)*(NXB=1)+74

IF {KK-NLX) 807»808,808

IF (NXA+NXB-73) B809s808+808

WRITE OQUTPUT TAPE 6910sNXASNXBoKKaNLXpLL sMil

GO TO 900

FLUX(2)=LL

READ INPUT TAPE 748039 (FLUX(M)» M=39LL)

FORMAT (BE945)

FLUX(MM)=0e

NXA=zMM+NXC~1

DO 816 M=MMyNXA

FLUX(M+1)= FLUX{M)+DXA

NXA=NXA+2

NXB=NXA+NXD=-2

DO B817 M=NXAyNXB

FLUX{M)= FLUX({M=1)+DXB

FLUX{NXB+1)=A

DO 818 M=NXBs72

FLUX({M+2) =FLUX (M+1)+DXC

IF INXCHNXD+NXE=-74+MM) 8089819+808

FLUX(1)=MM

READ INPUT TAPE 79103917

FORMAT (13)

READ INPUT TAPE 79104 (NEXT(J)eJ=1slIT)

FORMAT(24113)

CALL PONG(4)

CONTINUE

% BREAK
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12
11

10
13

14

SUBROUTINE FCAL (XAsXBeXC)

DIMENSION EN(676)S1G2UT(676
15G2SWT(6T76) sEP(137) yOMEGA(13
2sNEXT(50)

COMMON SIG2UT#S5G2SUT»SG2FUT
1 sABSZ»ABSWIOMEGA»Ss SIGLOs
2 S2SUEMsS2SWEMs SG2UEMs 5G2
3 5 AsBy AD»AUPABE s AWsALPHOY
4 ¢ KQRBs NUMBERsXIOQOle AOla
5 RESCP9E2s KMAXs TOTKs NOPsD
6 SG2SEMeDELTA»Z Yo THETASPHI»
7eHELPaR1sR29AMU2s KOUNTsKeRA
8 XNsW1sNFLINLX sJFLsJDPaNDP

COMMON SGZSE29SIG2E2sS
15T eFLOSSeEL1sALOGeJJ1 0020 X2

ZB = XB

L. = FLUX(1)

ZA = ABSF(XA)

IF (LL) 19291

RETURN

JJ = FLUX(2)

IF ((Z2B=~FLUX(3})*{2B~FLUX(JJ

KK = 4

IF (ZR~FLUXIKK)) 5ebs4

KK = KK+1

IF (KK=JJ) 69697

HELP = 22
GO TO 2
MM = (KK=4)%¥{74-LL)+75

IF (ZA=B) 99948

LA = 2e%*B-ZA

KK = LL+1

[F (ZA-FLUX(KK)) 10910911
KK = KK+1

MM = MM+1

IF (KK=T&4) 1291297

IF (ZA-A) 13513514

FLUX (MM} =FLUX (MM)+XC/ SIG1S
GO TO 2

FLUX(MM)=FLUX (MM)+XC/SG2SE2
GO TO 2

) 9SG25UT(676) 9SG2FUTIETE)»SIG2WT(676]) ¢
7) s ABSW(137) 9507} 9FISS1137)2FLUXL680)

SIG2WTsSG2SWTsENSEPsFsFISSyFLUX
S16G1S0s SIGIBE»SG1SBEs S16G20s SIG250»
WEMs EMINs EMAXs XIO» XIUs XIWs XIBEC
ALPHUSALFHBEs ALPHWs DONES CASE s Na KORA
ALPHO1s IAaIBsICsIDsIEs He HTESTs
ELHs BMAs NM1le SIGls SIGLSs SIG2EMs
ETAsTESToVsTaPsUsXNO s XNBE o XNtie XNWe XNO1
TIO sALPHASSIG2E19SG2UE]12SG2WE1sAMy

G2UE291SG2WE2 s W2 aNEXT X1 s AMULSELOSSeWLO

11139362
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474
473

13
113

16
17
18

10

25
15
20
57

58
59

60
19

21

47

MONTE CARLO RESONANCE ESCAPE PROBLEM CORE 2 MAIN LCOP
DIMENSION EN{676)¢SIG2UTI676)95G2SUTI676)9562FUT(67619SIG2WT(676)
1SG2SWT (676)sEP(137) «OMEGATL137 )9 ABSW(137)eS(7)FISS{137)sFLUXL680)

2yNEXT(50)

COMMON STG2UT+S625UTsSG2FUT 9SIG2WT9SG2SW1 oENEP 9F o F1SSeFLUX

sABSZ y ABSWsOMEGA» S,

® R W N

S1G10s SI1G1S0y SIGLIBESSGLSBEs S1G20s SIG250

S2SUEMyS2SWEMy SG2UEMs SG2WEMs EMINs EMAXs XI10s XIUs XIWs XIBE
s AyBy AO»AUSABEsAWsALPHOs ALPHUSALPHBEs ALPHWs DOUNEs CASEsNsKORA
s KORBs NUMBER$XIOLls
RESCP+E2y KMAXs TOTKs NOPsDELHs BMAs NMls SIGle SIG1Ss SIG2EMs
SG2SEMeDELTASZsY s THETASPHI sETA9TESTeVoToPsQeXNO 9 XNBE » XNU o+ XNW s XNO1
sHELPsR1sR2+sAMUZs KOUNTsKsRATIO »ALPHASSIG2E19SG2UEL19SG2WE]LsAMs
XNeW1eNFLgNLX oJFLs

AOly ALPHOls JAsiBelCelDelIEs He HTESTS

JDP «NDP

COMMON SG2SE2+SIG2E29SG2UE29SG2WE2 9 W2y NEXT 9 X1 s AMUL#ELOSSeWLO
15T 9sFLOSSSEL1sALOGsJJ]1sJdJ29X2

CALL SAND (DAM)
DAM=S(3)

JJL1=2%1A+1IB
JJ2=4#]CH+2*[D+14
KOUNT=1

K=1

TOTK=TOTK+1e

M=1

WLOSS = 0.

CALL RANDI(R1)
AMU2=1e=(2e*R1)
IF(AMU2) 47394744473
AMU2=40001

CALL RAND(R1)
IF(DELTA-R1)10s 2917
X2=A%*4999

GO TO 113

X2=Z7%*R1

W2=1se

GO TO (1891791} JJI
CALL RAND(R1)
IF(THETA-R1)18418917
ALPHA=ALPHBE

GO 70O 19
ALPHA=ALPHO1

GO TO 19
X2=A+(Y*{R1-DELTA)}
W2=1le

CALL RAND(R1)

GO TO (99+57+154602092598) 9 JJ2

IF(PHI-R1158958457
IF (PHI-R1) 6060957
IF (PHI-R1) 59959457
IF (ETA-R1) 59459460
ALPHA=ALPHU

GO TO 19
IF(TEST-R11)599594+60
ALPHA=ALPHO

GO 10 19

ALPHA=ALPHW

CALL RAND{R1)

CALL RANDI(R2)

IF{(R2/{ALPHA+(R2%{1e~ALPHA}}))~=R1)19519921
E2=(ALPHA*EMAX )+ {R2*EMAX* (1 s~-ALPHA))

GO TO 41
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22
23
24

62
90

91

92

207
208

309
301

303
302

305
304

S04
212
211
213
214
215

26
128

29

500

32
33
34

IFIA=X2)62923423

IF (AMUZ2) 24952462

AMU2=~AMU2

X2==-X2

IF(EN(KOUNT)}=E2)92+91+90

KOUNT=KOUNT+1

GO TO 62

RATIO =0

GO 70 93

KOUNT=KOUNT=-1

RATIO=(EN(KOUNT)*EZ)/(EN(KOUNT)-EN(KOUNT+1))

GO TO (9993s3sb94s6s6)y JJ2Z
SGZUE2=$IGZUT(KOUNT)*((SIGZUT(KOUNT+1)/SIGZUT(KOUNT)}**(RATIO))
S2SUE2 = SGZSUT(KOUNT)*((SGZSUT(KDUNT+1)/SGZbUT(KOUNT))**(RATIO))
S2FUE2 = SGZFUT(KOUNT)*((SGZFUT(KOUNT+1)/SGZFUT(KOUNT))**(RATIO))
GO 70 7
SGZNE2=SIGZWT(KUUNT)*((SIGZWT(KUUNT+1\/SIGZWT(KUUNT))**(KATXO))
S2SWE2 = SGZSWT(KOUNT)*((5625WT(KOUNT+1)/SGZSWT(KUUNT))**(RATIO))
GO TO 7
SG2UEZ=SIGZUT(KOUNT)*(lSIGZUT(KOUNT+1)/SIGZUT(KOUNT))**(RATIO))
SGZNEZ=S]GZWT(KOUNT)*((SIGZWT(KOUNT+1)/SIGZWT(KUUNT))**(RATIO))
S2SWEZ2 = SGZSWT(KOUNT)*((SGZSWT(KOUNT+1)/SGZSWT(KOUNT))**(QATIO))

S2SUE2 = SGZSUT(KOUNT)*((SGZSUT(KOUNT+1)/SGZSUT(KOUNT))**(RATIO))
S2FUE2 = SGZFUT(KOUNT)*((SG2FUT(KOUNT+1)/SGZFUT(KOUNT))**(RATIO))
SIG2E2=S1G20+SG2WE2+5G2UE2

SG2SE2 = S2SWE2+S2SUE2+51G2S0

IF (A-X2) 1939999207

IF (WLOSS) 999208926
WLOSS=W2*EXPF((XZ—A)*SIGI/AMUZ)*(1.—SGZSL2/SIG2E2)*(lo-LXPF((A-B)*

12.%S1G2E2/AMU2) )

[F (WLOSS*(WLUSS~W2)) 30193099309

WLOSS=e1E-10%W2

WLOST=WLOSS#(SG2SE2/{SI1G2E2~-5G2SE2})

IF (WLOST*(WLOST-W2}) 302+303,303

WLOST=s1E-8%W2

ELOSS=W2%(1e—EXPF((X2-A)#S1061/AMU2) )}

IF(ELOSS* (ELOSS=W2) ] 30493044305

ELOSS=W2

W2=W2-WLOSS

IF(W2=e1E-61953199533904

IF (IC) 999211212

ABSW(M=1) = ABSW(M—1)+WLOSS*((SGZWEZ—SZSWEZ)/15162E2—SGZ$E2{)
IF (ID) 9992149213

FISS(M=~1) = FISS(M~1)+WLOSS* (S2FUE2/(SIG2E2-~5G2S5E2))
IF (IE) 999264215

ABSOX2 = ABSOX2+WLOSS*((SIG20-SIGZSO)/(SIGZEZ—SGZSEZ))
CALL RAND{R1)

IF{(ELOSS/W2)1~R11502+502929

AMU1=AMU2

X1=X2

Wl=Ww2

El=E2

CALL RAND(R1)
X2=X1+AMU1*((-lo/SIGl)*LOGF(1.—R1+R1*EXPF(SIGI*((Xl—A)/AMUl))))
K=K+1

TOTK=TOTK+1e

GO TO (35434932} JJ1

CALL RAND(R1)

IF(V-R1)35+35434

XN=XNBE

veri-d
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35

37
38
39
41
42
44

46
146

49
50
51
52
502

574

203
229

505

193
70

72

73
75

506
230

W2=W1*T

AM=ABE

GO 70 37

XN=XNO1

AM=A01

W2=W1*P

CALL F CAL (X2+E29W2)

WLOSS=0s

CALL RANDI(RY1)
E2=F1%(le~(XN*R1))
IF(EP(M)=E2146942942

OMEGA (M)=OMEGA (M)} +W2

IF {M+1-N) 449464453

M=M+1

GO TO 41

IF(K=1)22+229146

AMUC=1e~=2+%R1
AMUL=(AM*AMUC+1.)/(SURTF((AM*FW)+1.+(2.*AM*AMUC)))
CALL RAND(R1)

CALL RAND(R2)
SUMSQ={R1*¥R1+R2%*R2)
IF(1e-SUMSQ}49949s51
COSBET=((R1*R1)-(R2*R£1)/SUMSO
AMU2=AMU1*AMUL+((SORTF((1¢~(AMU1**2))*(lo‘(AmUL**Z))))*CUS&ET)
IF(AMU2) 22952922

AMU2 = 40001

GO 70 22
IF(((ELOSS/W2)+(WLOST/W2))—R1)57405039503
X2=-A

WLOS5=04

GO TO 207

IF{A+X2)994229922%

X2=A

AMU1=AMU2

Wl=W2

X1=Xx2

El=E2

K=K+1

TOTK=TOTK+1e

CALL RAND(R1)
X2=X1*AMU1*((‘lo/SIGZE2)*LObf(lc-Rl*Kl*EkPr(SIUZEZ*((20*(A-D))/AMU

11

GO TO 506

IF(AMU2) 70499972

AMU2=~AMU2

X2=2¢%B~X2

CALL RAND(R1)

ALOG=~LOGF (R1)
IF(((2.*B-A-X2)/AMUZ)-(ALOG/SIGZEZ))574;574975
AMU1=AMU2

X1=x2

Wi=w2

El=E2

K=K+1

TOTK=TOTK*1e

X2=X1+AMULI*¥ALOG/S1G2E2
IF(WL0SS5)99+2300236

FLOSS = W1*((SIG2E2-SG2SE2) /S1G2E2)
W2 = W1-FLOSS
IF{W2=-e1E~-6)953+953,905

49



50

905

87
953
53

153
94

99
95

IF (1C) 99923247231

ABSW(M=1) = ABSW{M=1)+FLOSS*{(SGZWE2-S2SWE2)/(51G2E2-5G2SE2))
IF (ID) 9992344233

FISS(M=1) = FISS(M-1}+FLOSS*{S2FUE2/(SIG2E2-SG2SE2]))
IFUIE) 9992369235

ABSOX2 = ABSOX2+FLOSS*((SIG20-51G250)/(51G2E2-5SG2SE2))
CALL F CAL (X2+E29W2)

WLOSS=0e

CALL RAND(R1)

GO TO (994799 78987911912914)y JJ2

IF(S2SUFE2/SG2SE2-R1) 85485479

IF(S2SWE2/SG2SE2-R1) 85485487

IFI{S2SUE2/5G25E2-R1) B7s87979

IF(S2SUE2/SG2SE2~R1) B4 8B4 79

AM=AU

XN=XNU

GO TO (9993993892379237938938)9JJ2

IF(((S2SWE2+S2SUE2) 75G2SE2)=R1) 85485487

XN=XNO

AM=AO0

GO TO 38

XN=XNW

AM=AW

GO TO (9932379237+3993B938938)94J2
W2=elE-6

RESCP=RESCP+W2

KMAX=XMAXOF (KMAXsK)
IF(HTEST-H) 935195994
HzH+14

GO 70 5

HELP=M+1

S(3)=DAM

CALL PONG (3)

* BREAK

12°14 80!
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MONTE CARLO RESDNANCE ESCAPE PROBLEM CORE 3 QUTPUT
DIMENSION EN(676)9S1G2UT{676) 95625UT(676) sSG2FUT(676)9S51G2WT(676)
lSGZSNT(676))EP(137)oOMEGA(lB?)oABSW(137)’517)0FISS(137)9FLUX(680)
29BT(10)sNEXTI{50) o XXXD(137)
COMMON SIG2UT9SG2SUT9SG2FUT 9SIG2WT s SG2SWT sEiNsEP sF s FISSeFLUX
»ABSZ s ABSWsOMEGA Sy SIGLlOs SIG1SGse SIGIBESSGLSbE S1G20s 51G2S0y
S2SUEMeS2SWEMs SG2UEMe SGUZWEMs EMINY TMAX s XIOs X1Us XIWe XIBE
s AsBse AOsAUSIABE s AWsALPHOs ALPHUSALPHBEs ALFHWs DONEs CASEsNeKORA
s KORBys NUMBERsXIOls AOls ALPHOLl, IAs1B8sICsIDsIEs He HTEST
RESCP4E2s KMAXs TOTKs NUPDELHs BMAy NM1s SIGls SICLSs SIG2EMs
SG2SEMsDELTASZsY s THETASPHI sETA9TESTaVeTsPslaXNUs XNBE s XNUs XNW 9 XNU1
oHELP sR1sR2¢AMU2y KOUNTsKsRATIO sALPHAPSIG2E1sS02UEL19»SG2WEL sAMY
XNoW1loNFLeNLX »JFL s JDPNDP
COMMON SG2SE2 9SIG2E2956G2UE29S5G2WE2sW2sNEXT s X1 9 AMUL9ELUSSIWLU
1STeFLOSSHIEL»ALOGsJJI19JJ? X2
90 FORMAT (1P6E20e7}

o~ W

202 FORMAT(27HO QUTPUT//25H T( TAL HISTORIES
1= F740 /25H MAXe COLLe IN 1 HISTORY= [6 /25H TOTAL COLLIS
2I0ONS= 1PEl4e7 /25H TOTAL FISSIONS= OPE12e6 /25H
3 P THERMAL= OPE12e6 ////119H NOa £ PLE
4) TOTAL ABS RES ABS FRACTION W ABS
5 FLE) 77)

NLX=NLX
N=NM1+1
5 IF(HELP) 49 3¢ 4

4 WRITE OQUTPUT TAPE 6963 9NsKORASKORB s NUMBEK s TAs [BrICs» 1D IEsKMAXINOP s
1  NM1ls KOUNTsK
63 FORMAT (19HL ALARM CONDITION 1415}
WRITE OUTPUT TAPE 69909 HeHTESTsTOTKsDELHsSG2UEZ2»SG2WE?2
WRITE OUTPUT TAPE 6990sHELPeR19R29AMU2sRATIO»ALPHA
WRITE OUTPUT TAPE 6+490sWLOSSeX29SIG2E29AMeXNsW1
WRITE OUTPUT TAPE 63s90sX1sW2sAMULSIELOSSsWLOST»FLOSS
WRITE OUTPUT TAPE 69909SG2SE2+E29E1sALOGsJJ1eJJ2
KORB = NOP
3 RESOH=RESCP/H
FISS(N}=F
DO 815 M=19NM1
815 FISSIN)= FISS(N}+FISS(M)
WRITE OQUTPUT TAPE 69202sHskMAXsTOTK9FISS(N) e RESOH
ABSW(N)=ABSZ
MMM=0
106 XXD=0s
MMM=MMM+ 1
KEV=NEXT (MMM)
IF(MMM-1)491009101
100 KJS=1
GO TO 102
101 KJS=NEXT(MMM=1)+]
102 DO 69 KAS=KJSsKEV
69 XXD=XXD+ABSW(KAS)
XXXD{KEV)=XXD#{10000e/H)
IF(N-KEV1491054106
105 DO 99 M=14NMl
ABSWI{N)=ABSW{N)+ABSW(M)
XA=0OMEGA(M) /H
XB=0MEGA (M) -OMEGA{M+1)

XC = 1
IF(XB) 77y 999 77
77 XC = ABSW(M)/XB

99 WRITE OUTPUT TAFE 6e8osMscr (M) sXAsXpeXXXU{m)sXCoFISSIMI
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85

824

818
816
819

820

822
B21
823

950

46

802
801
805

42

939

804
97

53
300

812

FORMAT {(I79F10e4y
XA=0OMEGA(N) /H
XB=H-OMEGA (N}
XC=ABSWI(N) /X8
WRITE OUTPUT TAr:
JEL=JFL+1

SFlYe5)

6985 aNIEF{N) 9 XAIXBaXXXD (N} sXCor ISSIN)

IF (JFL-NFL) 95098179817

JFL=0

KK=3

LL=KK+9
JM=FLUX(2]-1e

IF (LL-JM) 8168169818

LL=JM

WRITE OUTPUT TAPE 6981Ys{FLUX{M]) sM=KKsLL)
FORMAT { 7H E HI »10Flleb)

WRITE OQUTPUT TAPE 69820 (FLUX(mTL)sm=rrsLll)
FORMAT { 7TH E LO s10Flleb)

NN=FLUX(1}

MM= 74 ~NN

LK=LL-KK+1

JC=T4+MM* (KK~3)

DO 821 J=1sMM

JB=NN+J

JK=JdC+J

XA= (ELUX{(JB)=rLUX(Jp=1))%*H
DO 822 K=1sLK

JA=KK+K
BT(K)=FLUX({JK) ZIXA* (FLUX{JA=1)=FLUX({JA}) )
JK=JK+MM

WRITE OUTPUT TAPE 69823959 (BT(K)s K=1sLK]}
FORMAT (17s1P10E11le3)
KK=KK+10

IF (KK~JM) 82448249950
S(1l)=H

S5(2)=T0TK

S(4)=RESCP

S(5)=F

S(6)=KMAX

S(7)1=1e

JDP=JDP+1
IF (JDP-NDP)} 42946942
JOP=0
CALL BC DUMP ( S(7)s5(1)1})
CALL BC DUMP (ABSWI(N)sABSZ)
CALL BC DUMP ( OMEGA(N)sOMEGA(1))
IF (ID) 802+8019802
CALL BC DUMP (FISS(NIsF)

IF (NFL-100) 805942942
CALL BC DUMP (FLUXINLX}sFLUXI(1))
KORB=KORB+1
IF (NOP=-KOURB! 90049009939
IF (SENSE SWITCH 6) BO04997
IF (JDP) 464900946
HTEST=HTEST+DELH
H=H+1e
IF (DONE=H) 9004900453
CALL PONG (2)

MM=FLUX (1)
WRITE OUTPUT TAPE 64812
FORMAT (11H X TABLE )

Yevil-d
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LL=1
DO 810 M=MMy 74,8
KK=M+7
IF (KK=74) B13+813,814
814 KK=74
813 WRITE OUTPUY TAPE 6981llalLs
811 FORMAT (15s 8F1248)
810 LL=LL+8
IF (SENSE SWITCH 6) 9519837
951 PAUSE 77777
837 CONTINUE
* BREAK

(FLUX(J) 9Jd=MeKK)

53



MONTE CARLO RESUNANCE ESCAPE PrUBbLEM (Ukc &

DIMENSION EN{676)9S1G2UTI676) 9502501 (676)9S02rUT{676)95iG2WT1676)
1SG2SWT(676) 9EP {137 ) sUMEGA(L37 ) sABSWI13/)eS17)9r1SSL1L37)9FLUXLE680)
2sNEXT(50)

COMMON SIG2UT 95G2SUT»SG2FUT 9SL02WT 9 SG2ZSWTabNeEP »F o 155 9FLUX
1 sABSZ sABSWsOMEGASSs SIGLlUs SIGLSUs SIGIBESSGLSBEESY SIG20s SI1G2S0y
S2SUEMsS2SWEMs SG2UEMs SG2WEMs EMINe tMAXs XIOe X1Us XIWs XIBE
s AsBy AOsAUSABE»AWsALPHOy ALPHUsALPHBE, ALPHWS» DONEs CASEsNsKORA

s KORBjs NUMBER#XIO1ls AOLlsy ALPHOLs 1As1BsICsIDslEs Hs HTEST

5 RESCP9E2s KMAXs TOTKs NOPsDELH» BMAs NMls SIGls SIG1Ss SIG2EMs
6 SGZSEM;DELTA’Z,Y'THETAoPHI,tTA’TEST’V9T9P9U,XNO;XNBEQXNU’XNWQXN01
7oHELP sR19R2sAMU2s KOUNT oK sRATIO 9ALPHASSIG2E195G2ULL19SG2ZWEL 9AM
8 XNoWLlsNFLsNLX 9JFLsJDPINDP

COMMON SG2SEZsSIG2E29SL2UEZsSU2ZWEZ s W2 s NEXT o X1 9/ MULSELUSSsWLY
1STeFLOSSEL1»ALOGYJJ19JJ29X2

CALL PONG(2)

2
3
4

* BREAK

Ye¥1-H
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1
38000+01
28580402
22860401
00000+00
66000-01

1

1
38000+01
20620+02
23495401
37848+00
33000-01

DATA

4 500
20500402 20500+02
12500400 Y96100+03
16000+Uz 23500403
20000405 76000+0¢
00000 +00 §QQ00+00

le 101
38000+01 38000+01
11995400 84840-02
10000+01 18386405

556 108
50960-01 11995+00

55

675 2
18770+02 19440+02
10837-01 10000+01
77855400 98312+00

16000+02 77855+0
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APPENDIX D

1/v ANALYTIC ABSORPT'IONS
The following assumptions are made:

(1) The fuel plates are sufficiently separated that cell inter-
action effects are negligible.

(2) The moderator is nonabsorbing, and the moderator flux ¢y 1is
nearly isotropic.

C
= i) dv
v

(3) py(v)av

(4) In the fuel region, Zg(v) v/v and ZF O where y is a
constant.

Referring to sketch (e) and the above assumptions, the number of

e— + —9
{
|
| 1
|_t-cos™ u
T
Moderator Moderator
. ~1 absorber
X"h¥x‘— o IV

neutrons & absorbed per second per unit area in the entire fuel (of
thickness t) is

l - CLl f f
=0 =Vmin -

where T 1is the fuel penetration distance parallel to the x-axis. Note
that the x' integration implies a cosine incident distribution at the
surface of the fuel.

ngx' v/ Ve

T
dxte ¥ Lo (o)
v

v'!i=v

Yev1-2
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Performing the first three integrations, transforming, and letting

v
Vi ’ v,
min min

where vVij is the neutron velocity corresponding to 0.0253 electron

volt, yield
“ 4 Y ax
.ai = k2 / -—%r = (1 - e7X) (D3)
0 e Y X

Equation (DS) is integrated by parts several times, and the re-
sulting exponential integral is expanded in series form (ref. 8) by

[e.¢] 0
-X n
/ &7 4x = -0.577216 -1n K + z (-)n+l K (D3a)
X n.n
K n=1

Equation (D3) finally becomes

[eo]
_yn+l,n
4"-‘;=ll+ e’K(K-l)+K2(O.577216+J_n K)+(2—K2) 2 )Tk

D4)
C Z (
0 n=1

nin

For the cases of interest, kK << 2 (eq. (D2)) and the series of
equation (D4) converges very rapidly to the results listed in table V.

To achieve correspondence of equation (D4) to the Monte Carlo cal-
culations of repetitive slabs, the constant Cgp was determined from the
normalization requirement that 1 neutron per second slow down past Epay
in the complete cell. Now

C
p(v)dv = —v9 av = % aE

where

The number of neutrons per second slowing down past B in the
entire moderator of thickness ty is given by
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But

and

where é% is the average logarithmic energy decrement of the 1th type
of nucleus in the moderator. Therefore,

Uy (Epay)

il

OByt
Similarly,
qF(Emax) = CEfZEtF
where Zg is some average scattering cross section of the "fuel" above

but in the near vicinity of Eygyx. The normalization condition
Qy + qp = 1 gilves

B
° Pl

tFsF
3 ZstF

Equation (D5) contains the moderator correlation of figure 6 with a
small correction term.

(tp =t) (D5)

PeyT-d
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APPENDIX E

ANAIYTIC CALCUIATION OF RESONANCE ABSORPTION

\ \

=

g
o
g

PHI I)3

g

o| o
‘\\ prm \\\ P"" IP4 P, ,\

Consider sketch (f), which shows the repetitive slab lattice
studied. The positive x- and p-directions are taken toward the right.

Let QM(X',E')dE' be the total moderator flux per unit energy at x'
and E' in dE'. It will be supposed that wM is known or can be ob-
tained approximately. A reasonable choice appears to be, for example,
a uniform l/E moderator flux providing the plates are not too closely
spaced.

Let Zs,i be the macroscopic scattering cross section of the 1th

type of moderator nucleus and Zg the total moderator scattering cross
section. Let Z,(E) ard Z(E) be the "fuel” macroscopic absorption and

total cross sections at energy E. ILet 1 Dbe the fuel penetration dis-
tance in the x-direction, i be the neutron direction cosine, and

(a; - 1)°

= ——————5, where A; 1s the target mass of the ith

moderator
nucleus.

By the time neutrons have entered the resonance region, their
directions are nearly randomized. Thus, after a scattering collision,
their directions are still randomized or isotropic in the laboratory
system. From symmetry considerations, the flux mM(x‘,E') is identical
at points Py,P',Pp,P", and so forth. The contribution to the absorp-

tions per second in the fuel plate at x' =0 from all such points to
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the left of x' = 0 1in the phase element du dE dt dx' 4E' is

ZI\SAX 1 ZM

s tM_ng)t
sl au dE dr ax' aB' =oM(x',E')aE{e " [1+e " H
™ 25 (E)t M , ZstM T(E)t
-— 2ty- -—(tprtx") B
+ e H M + .. .4 + e 1+ e H M

x e_g(%r_ [Z‘.a(E) %1] (m1)

The term wM(x',E')dE’Zg i dx' gives the number of neutrons scat-
2

tered per second in dx' dE' from the ith type of moderator nucleus.
The bracket containing dJdE is the probability that after collision the
neutron will emerge with energy E 1n dE. The quantity 1/2 du 1is
the probability that the neutron will emerge with a direction cosine u

Z%x’

in du. The terms in the bracket multiplying e K give the proba-
bility that neutrons scattered, respectively, from points Py, Ps, and

so forth of sketch (f) will reach the surface of the plate at x' = 0
without an intervening collision. Similarly, the terms in the bracket
T (tyrx')
multiplying e K are the respective contributions from the
points P', P", and so forth. Finally, the last two terms of equation
(E1) 'give the fraction of those neutrons incident on the plate at
x' = 0 with direction u and energy E that penetrate the plate and
are absorbed at 1 in dt. It is assumed in equation (El) that the
contributions to the plate at x' = 0 from neutrons scattered within
the other plates are negligible. This 1s probably a very good approxi-
mation. An approximation 1s necessary because otherwise the fuel flux

oF (x,E) would have to be known. Because of the geometric progression in
equation (E1), there follows

PCeHT-H
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M M

TS x' —f(m+x’)
e + e

. e—&[zl‘gtM+z(E)t]

Al au aE ac ax' aE' = M(x',ET)aE"

_x(BE)t

Z
x (2 ax) [ﬂ%](i a)le * _a_(?_‘}l

The total absorption in dE per second in the plate at x' = 0,
including the identical contribution from the region t £ x' <, 1s

E:Zbé[i l:m

A dE = —=2-_ v (E)4E = ax!
ooy (%) f “./

i 0 x!

1
( % e ) Efoy t
—LT_ x! -—u—(tM-FX') + _Z(E)T
X < = *° 3 dBL M(x',E') e M dr (E2)
ﬁ - e—%[zlgth(E)t] A ? /
~ J

Here it is assumed that the moderator flux can be reasonably approxi-
mated by oMx',B') = é%, where C 1is a constant. Bquation (E2) becomes

5@ L
pap - cpt ) gB d.u(l—e “) adet re b
s F(E) E ’ . e—&[zbgtMH:(E)t]

(E3)

where
—ZtM—Zt

0 -tM-t
dx' = axt + dx' + l(. ax' + . . .
3 5
' tM—t —-tM-Zt

x “tw/2 ) 5
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If the plates are separated by at least several moderator mean free

paths, / dx' E/O dx' 1s an excellent approximation. Thus letting
x' -tM/B

o E-;L; x(E) = Z(E)t
(E4)
iy = Tty ke (E) = £ (E)t 3
™
equation (E3) becomes N
aE Ka(E) ) (l - -KMy)[i _ —K(E)é] a )
A(E)4E = C = S e ay
£ R { -[KM+K(E)]3/} ¥
1 - e
where e (ES)
_ 1
MMy + eFEleF
e

where £ 1s the average logarithmic energy decrement tF = t, and Zg

is the scattering cross section of the fuel at some value above but near
Epax- (See appendix D for a discussion of this expression for C.)

Equations (E5) give the absorptions per second in dE in each of
the plates in the repetitive lattice. The contribution to the absorp-
tion by neutrons that suffer successive multiple collisicns inside the
"fuel” region (tungsten) has been neglected. For a predominantly scat-
tering resonance which is also strongly absorptive, such as the 18.8-
electron-volt resonance in tungsten, one would expect equation (E5) to
underestimate the absorptions because of this neglect of successive
multiple scattering collisions within the fuel. However, equations (ES)
may considerably exaggerate the absorptions in a resonance such as the
18.8-electron-volt rescnance because of the neglect of moderator flux
depression effects. Thus, instead of assuming a uniform spatial depend-
ence for ¢M(x’,E’), a more realistic assumption might be some appro-
priately attenuated moderator flux in the vicinity of the fuel plate
merging into a uniform spatial dependence several moderator mean free
paths from the fuel region.

In equation (E5), «(E) is the fuel thickness in total mean free
paths for a neutron of energy E. At a resconant energy where the bulk
of the absorptions occur, K(E) is quite large. ©Since Ky has been
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assumed to be at least several moderator mean free paths, the denominator
of equation (E5) can be set equal to 1. Converting to lethargy, equa-
tion (E5) gives

A(u)du = -C du -E%%)— fm (1 - e_KMy>[l _ e—K(u)y] %%

e I[k(u)] - T(km) + I|wy + K(u)]} (E6)

e” 1 - K e”
I(K) - / 5 dy = § (l - K)e “ + _2_- f T dy
1 M K

A considerable simplification of equations (E6) occurs if Ky —* ®.
For the 4-inch-water-moderated cases Ky = 15. Thus I(xy) = I(ky
+ k(u)) = 0. Hence,

i

1

Q

Qu

[«
)
o

o
e,
oo

du

x| =
o
=8 R
]

Nl Q

A(u)du = -

1-[r- k(u)] ek (u) _ K&(u) / o dy
k(u)

(E7)

As mentioned in the section RESULTS AND DISCUSSION, a good approxi-
mation to the overall resonance escape probability and to the absorptions
in most tungsten resonances occurs if the scattering is suppressed; that
is, if the total cross section at energy E 1s set equal to the absorp-
tion cross section at E, and then the scattering cross section is set

Kg(u)
equal to zero. In equation (E6) this means ;%aj— -1 and k(u) = Kz(u).

This is exact for a pure absorptive resonance, but overestimates the ab-
sorptions in a scattering-absorptive resonance.

Equation (E7) becomes
A ~ G -Kg () 2 - ey
(w)du = - = du <1 - [ - Ka(uX]e - kg (u) — dy (E8)

Ka(u) is given by equation (E4) and is generally a rapidly varying func-
tion of lethargy in the resonance region.
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As in the Monte Carlo calculation, the region from 961 to 0.125
electron volt is divided into 536 distinct lethargy (or energy) groups
ug (where Q =1, 2, . . ., 536) properly spaced so that all the reso-
nances are accurately described by knowledge of the cross section at
those values. Thus, in the ch lethargy interval un = u a linear
. . . Q Q+1’
interpclation on the cross section may be used:

u - u
Ko (1) = Kglugyq) + %:j—i_—ai [Ka(uQ) - a(uQ+1)] ug Su s uQ+11
(E9)
Yo+l T Y9
dKa(u) = Ka(uQ)+— Ka(uQ+1) = -du Uge1 > ug )

Substituted into equation (E8), the absorptions per second in the
interval ug ~Ug+l in the entire plate are

K oo
¢ (ugy - ) 2,9 -F -F _ g2 / —

= = 1 -e™ + Fe - F — dy | dF
AQ_’Q‘*']- 2 (Ka,Q - Ka) Q+l) Ka Q+l F

Performing the integrations and converting back to energy give the
final result for equation (E10)

o 1n(g/f,) [ e q,

—_— — —-— 2 —
Ag-q+l = 3 Taq - Xa,qe1) a,Q+1 ~ Ka,Qel 2)

—e-Ka’Q(Ka)Q - g’Q - 2) + S(Ka’Q - Ka,Q+l)

[ee] x
3 eV 4y - K3 ey _
+ K 0 f = 4y - K2 g _[Q - dy] Q=1,2,..., 536

(E11)

The constant C in equation (E1l) is given by equation (E5) and
Ko q = Ka(uQ). Values of Q = 1,2, . . ., 536 are the same as the
s

tungsten cross sections used in the Monte Carlo calculations. The last

28Nt



F

e 1404

65

integral in equation (E1l) is the well known exponential integral that
is evaluated by equation (DZa) of appendix D for Ky o <1 and by the
following continued fraction for Ka,Q > 1:

g
£ gy = S (£12)

TTTE K . ..

The 536 energy intervals (eq. (Ell)) were grouped into the larger
intervals of the first column of table I(a). Table VII gives the ab-
sorptions in these same energy intervals as calculated for the 4~inch-
water-moderated tungsten cases using equation (E11l). The results in
table VII compare favorably with the Monte Carlo results of table T(d).

Tt should be remembered that the Monte Carlo results in table I(4)
are subject to appreciable statistilcal deviations. However, the ex-
cessive absorption predicted by equation (E11) for the 18.8-electron-
volt scattering resonance (20.7 - 16 ev) is clearly not statistical.
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T9

TARLE IV. - Contlrued. DOPPLER EROADENED ABSORPTIONS IN VARIOUS ENERGY
INTERVALS WITH 4-INCH-WATER MODERATOR
(v) 80 mils of tungsten
[7 E1 to Eg, Energy, kT, ev
ev T
[o} 0.0253 0.05 0.1 0.2 0.5
Monte Carlo absorptions® per history %104 from B to E,
e .
g6l - 40.3 46.9(15.09) | 71.18(20.88) | 72.0(22.24) 71.8(21.95) | 78.6(22.60) | 85.2(22.67)
40.3 - 28.5 7.8(2.51) 2.10(0.90) 2.9(0.90) 2.8(0.48) 2.8(0.83) z.2(0.85)
40.3 - 27.7(0 ev)
28.5 = 26 16.1(5.18) 1€.30(4.74) 11.2(3.46) 12.4(3.67) 13.6(4.01) 17.7(4.71)
27.7 - 26(0 ev)
26 - 20.7 37.0({1L.90) ' 3€.27(10.53) | 31.0(9.58) 33.4(20.21) | 35.5(10.47)| 3t£.8(9.52)
26 - 20.3(0 ev)
20.3 - 15.8(0 ev) 48.4(15.56) | 47.79(1%.858) | 42.6(13.16) 42.2(12.87) | 41.2(12.18) | 49.3(13.12)
20.7 - 16
20.7 - 15(0.5 ev)
15.8 = 9.5(0 ev) 27.9(8.97) 25.,32(7.3) 25.2(7.78) 23.9(7.31) 23.3(€.87) 17.6(4.68)
16 -+ 8.5
15 » 9.3(0.5 ev)
9.5 + 3.9 1.1(0.35) :.20{0.5%) 1.3(0.40) 1.3(0.40) 1.3(0.38) 1.3(0.35)
9.3 » 3.7(0.5 ev)
8.9 » 8.2 25.0(8.04) 32.52(9.74) 31.0(9.58) 34.8(10.64) | 36.4(10.74) | 44.1(11.73)
8.7 » 6.2(0.5 ev)
6.2 = 5.7 2.8(0.90) 2.68(0.78) 1.7(0.53) 1.8(0.55) 1.7(0.50) 1.7(0.45)
5.7+ 2.3 79.6(25.59) | 91.74(26.65) | 90.9(28.08) 88.8(27.15) | 93.0(27.43) | 105.5(28.07)
2.3~ 1.2 18.2(5.85) 14.46(4.2) 13.9(4.29) 15.9(4.25) 13.6(4.01) 14.5(3.88)
961 + 1.2 310.8(100) 344.27(100) 323.7(100) 327.1{200) 339.0{100) 375.9(100)
961 —~ 0.125 543.2 ‘431.5 413.7 416.7 424.7 463.7
961 — 0.0252(0 ev) J

8percent of total absorption glven in

parentheses.
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TABLE IV. - Concl

uded.

INTERVALS WITH 4-INCHE-WATER MODERATOR

(e) 160 mils of tungsten

DOPPLER BROADENED ABSORPTIONS IN VARIOUS ENERGY

B, to Ej, Energy, kT, ev
& 0 0.0253 [ 0.05 0.1 0.2 0.5
Monte Carlo absorptions® per history x104 from Ey to By
961 - 40.3 75.3(17.63)| 120.6(25.00)| 125.2(25.68)| 133.8(27.23)| 140.3(27.84) 146.0(27.78)
40.3 » 28.5 8.4(1.97) 5.7(1.2) 5.3(1.09) 5.35(1.08) 4.7(0.93) 4.9(0.93)
40.3 » 27.7(0 ev)
28.5 =+ 26 16.2(3.79) 12.7(2.6) 13.4(2.75) 12.2(2.48) 18.8(3.73) 23.1(4.40)
27.7 » 26(0 ev)
26 —» 20.7 35.2(8.48) 52.1(10.8) 55.6(11.41)| 53.8(10.95)| 44.8(8.85) 46.7(8.89)
26 » 20.3(0 ev)
20.3 -+ 15.8(0 ev) 40.1(9.39) 49.7(10.3) 50.4(10.54)| 52.3(10.65)| 47.3(9.38) 61.0(11.61)
20.7 » 16
20.7 » 15{0.5 ev)
15.8 - 2.5(0 ev) 45.0(10.54) | S7.1(11.84)| 55.4(11.36); 54.5(11.09): 55.4(10.99) 41.4(7.88)
16 - 9.5
15 -+ 2.3(0.5 ev)
9.5 -+ 8.9 2.0(0.47) 2.7(0.56) 2.7(0.55) 2.7(0.55) 3.9(0.77) 4.3(0.82)
9.3 - 8.7(0.5 ev)
8.9 + 6.2 44.8(10.49)| 50.2(10.4) 47.1(9.66) 44.9(9.14) 51.4(10.20)| 55.1(10.49)
8.7 » 6.2(0.5 ev)
6.2 = 5.7 4.3(1.01) 3.1(0.64) 3.0(0.62) 3.0{0.61) 3.0(0.60) 2.8(0.53)
5.816 - 2.278(0 ev)| 125.9(29.48)| 106.1(22.0) | 107(21.95) 106.4(21.66) | 113.1(22.44)| 119.7(22.78)
5.7+ 2.3
2.278 = 1.219(0 ev)| 28.9(€.77) 22.3(1.18) 22.4(4.59) 22.4(4.586) 21.5(4.27) 20.5(3.90)
2.3 > 1.2
961 - 1.2191(0 ev) | 427.1(100) 482.3(100) 487.5{100) 491(100) 504.0(100) 525.5(100)
981 -~ 1.2
961 - 0.025(0 ev) 813.3 63L.1 634.9 637.0 649.5 668.3
961 ~ 0.125

E3'Per4::ent of total absorption given

in parentheses.

Pey1-d
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TARLE VII. - ANALYTICAL RESULTS (EQ.

(E11)) FOR COMPARISON

WITH MONTE CARLO RESULTS OF TABLE I(d)

[4-in.-water moderator.)

83

E, to Eo, Tungsten thickness, ty, mils
ev
0.818 8 40 80
Absorptions® per history x104 from Ej to BEp

961 —» 40.3 | 10.25(31.5) 23.9(20.39) 58.95(22.48)| 86.75(23.7)
40.3 -» 28.5/ 0(0) .35(0.30) 1.7(0.647) 3.35(0.92)
28.5 —+ 26 .9(2.77) 5.55(4.74) 12.15(4.63) 15.7(4.29)
26 » 20.7 3.4(10.46) 12.35(10.54) | 23.7(9.03) 30.95(8.45)
20.7 - 16 8.55(26.31) | 32.85(27.86)| 60.1(22.89) 71.7(19.58)
16 = 9.5 .3(0.92) 2.85(2.43) 12.95(4.93) 23.75(6.49)
9.5 » 8.9 o(o) .15(0.12) .8(0.30) 1.55(0.42)
8.9 » 6.2 1.45(4.46) 9.25(7.89) 22.5(8.57) 31.05(8.48)
6.2 > 5.7 .1(0.31) .2{(0.17) 1.1(0.42) 2.05(0.56)
5.7 » 2.3 6.65(20.46) | 28.25(24.10)| 60.2(22.93) 83.3(22.75)
2.3 > 1.2 .8(2.48) 1.7(1.45) 8.35(3.18) 15.4(4.21)
961 —» 1.2 32.5(100) 117.2(100) 262.5(100) 366.1(100)
961 - 0.125| 33.5 127.25 309.7 454.2

8Percent of total absorption given in parentheses.
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Resonance escape probability, P(E)
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Figure 2. - Resonance escape probabllity as functlon of energy for several thicknesses ¢f tungsten

and 1ithium’ hydride moderatc». Locauion and peak values of more important tungsten resonances
are indicated by vertical linesj kT = 0.0253 electron volt.
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Resonance escape probability, P(961 — 1.2 ev)
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Figure 5. - Resonance escape probability as function of tungsten thickness for beryllium oxide

moderator. kT = 0.0253 electron volt; number of atoms per cubic centimeter:

0.0725%10%4; oxygen, 0.0725x10%%; tungsten, 0.0632x102%.
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Figure 6. - Resonance escape rrobability as function of moderator thickness parameter.
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Escape-probability difference, P(6000) - P(H)
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